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Scanning tunneling microscopy has been used to study the deposition by molecular-beam epitaxy of thin
InAs films on InP�001� substrates and compared with InAs growth on GaAs�001� under nominally identical
conditions. In contrast to InAs/GaAs, InAs growth on InP does not proceed via a Stranski-Krastanov type
mechanism, with a well-defined two-dimensional–three-dimensional growth mode transition, but instead a
gradual and continuous surface roughening process occurs even from the earliest stages of deposition. Average
height and surface roughness measurements indicate the absence of lateral surface correlations generated
between adjacent elongated wires formed at higher deposition coverages. The origin of this growth behavior is
attributed to the pregrowth formation of a self-templating arsenic-stabilized InP�001�-�2�4� surface, which is
prepatterned on the atomic scale for the growth of highly anisotropic nanostructures.
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I. INTRODUCTION

The concerted research efforts aimed at controling the
properties of III–V semiconductor nanostructures formed
during self-organized growth in lattice-mismatched het-
eroepitaxy have led, among other successes, to the fabrica-
tion of InAs/GaAs-based quantum dot �QD� devices which
operate at the technologically important wavelength of
1.3 �m. However, extending this to longer wavelengths re-
mains challenging in this highly mismatched ��7%�
system.1 Use of the InAs/InP growth system, which has a
smaller lattice mismatch ��3.2%� and in principle offers a
more attractive route for producing nanostructures for
longer-wavelength applications, has been hampered by its
significantly greater complexity compared to InAs/GaAs, in
particular due to the formation and undesirable coexistence
of more than one type of nanostructure on �001� surfaces,
including quantum wires �QWRs�, quantum dashes
�QDashs�, and QDs.2 Identifying appropriate pathways for
the selective growth of single-type nanostructure arrays in
the InAs/InP�001� system is therefore an essential step in
their development and fabrication for use in device applica-
tions.

To further our understanding of InAs/InP nanostructure
formation, we have used rapid-quench scanning tunneling
microscopy �STM� to study as a function of nominal InAs
coverage ��� the growth by molecular-beam epitaxy �MBE�
of thin InAs films on InP�001� substrates and compared these
with InAs grown on GaAs�001� under nominally identical
experimental conditions. Our results show that a true 2D
→3D �where 2D and 3D stand for two-dimensional and
three-dimensional, respectively� Stranski-Krastanov �SK�
growth mode transition does not occur during direct deposi-
tion of InAs on InP�001�. Instead, elongated wires form as a
result of a gradual and continuous surface roughening pro-
cess where lateral growth is significantly inhibited in the
�110� but not in the �−110� or the vertical �001� direction
even at the earliest stages of deposition. The average height
��h�� and root-mean-square roughness ��w�� of the surface
both increase linearly as a function of � for all coverages
studied, consistent with the absence of surface correlations

between adjacent wires along �110� and the evolution of an
uncorrelated growth front. The origin of this behavior is at-
tributed to the predeposition formation of a self-templating
As-stabilized InP surface which is in effect prepatterned on
an atomic scale for highly anisotropic growth. Its existence
can be traced back to the unique way in which the surface
strain inevitably built up after P-As exchange during the pre-
deposition exposure of an InP surface to an As flux is relaxed
within the confines of a �2�4�-reconstructed surface struc-
ture. A simple atomic-scale model for the mechanism of
strain relaxation and the resulting enhancement of the inher-
ent �2�4� growth anisotropy is also proposed.

II. EXPERIMENTAL DETAILS

The experiments were carried out in a combined STM-
MBE system equipped with reflection high-energy electron
diffraction �RHEED�. Epi-ready n+ doped singular InP�001�
��0.1°� substrates were outgassed under a residual As2
flux ��1�10−8 mbar� at �300 °C for up to 1 h. Prior to
removal of the native oxide, the As2 flux was increased to
1�10−6 mbar; this was maintained throughout the cleaning,
annealing, and deposition stages of all experiments. The
substrate temperature was then rapidly ramped up to
�520–540 °C and the sample annealed for 75–150 s. Once
the weak �1�1� RHEED pattern typical of an oxidized sur-
face changed to a strong one indicating the presence of a
�4�2� surface reconstruction, the temperature was immedi-
ately reduced to 350–370 °C. The �1�1�→ �4�2� phase
change is direct with no intermediate transitional structure
detectable by RHEED. This is indicative of the formation of
an As-stabilized InP�001� surface3 since a high-temperature
�4�2� phase is energetically unfavorable4 and does not exist
on pure InP�001� surfaces under normal MBE conditions. On
cooling, a further reconstruction change to a �2�4� surface
occurs at �460 °C, again consistent with the phase changes
observed on As-stabilized InAs�001� surfaces. RHEED and
STM both confirmed that the �4�2� and the �2�4� surfaces
are atomically flat. After the sample temperature was stabi-
lized at 350–370 °C, it was slowly raised to a growth tem-
perature of 400–450 °C and up to 3.4 nm of InAs ���10
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ML� was deposited at a growth rate of �0.045 ML s−1

�V:III ratio �12:1�. Immediately after deposition, the
sample was quenched �initial cooling rate �50 °C s−1 �Ref.
5�� into the adjacent room temperature STM chamber, where
samples were scanned with a bias voltage of −2.5–3.0 V
and a current of 0.2–0.3 nA. Comparative InAs deposition
���2.7 ML� was also carried out on GaAs�001� substrates at
400 °C under the same nominal experimental conditions.

Careful control over the preparation of the InP�001� sur-
face prior to InAs deposition was found to be very important
to ensure subsequent high-quality nanostructure formation.
The STM images in Fig. 1, which are 3D projections of filled
states images �100�50 nm2�, highlight some of the differ-
ent morphologies obtained when using different surface
preparation methods. Thermal oxide desorption under high
As2 fluxes ��2.5�10−6 mbar� and low substrate tempera-
tures ��500 °C� was also found to produce high-quality sur-
faces �Fig. 1�a�� but requires much longer exposure times.
Exposure at high temperatures ��540 °C� or long annealing
times ��180 s� invariably resulted in significant degradation
of the surface �Fig. 1�b�� or the formation of a 3D surface

morphology �Fig. 1�c��. The surface structure in both Figs.
1�b� and 1�c� is a typical �2�4� reconstruction, unlike that
observed on similarly degraded surfaces obtained after heat-
ing oxidized InP�001� substrates in ultrahigh vacuum without
the presence of a group V flux.6 This shows that the presence
of the As flux is essential in stabilizing the surface directly
after thermal oxide removal. The existence of a top As-
stabilizing layer was confirmed by reducing the temperature
of the InP�001� substrate thermally cleaned under an As flux
to below 350 °C. The RHEED pattern changed from a �2
�4� to a weak �2�3� reconstruction; this is indicative of the
presence of an InAs top layer since �n�3� reconstructions
are commonly observed on InAs�001� substrates but not on
InP�001�.7

III. RESULTS AND DISCUSSION

Filled states STM topographs �100�100 nm2� of the sur-
face taken before and after deposition of InAs on As-
stabilized InP�001� at 400 °C are shown in Figs. 2�a�–2�d�,
together with the corresponding height cross sections. The
As-stabilized InP�001� starting surface exhibits a �2�4� re-
construction �Fig. 2�a�� and is atomically flat with �w�
�0.12 nm and �h��0.42 nm. These values are comparable
to those measured on other �001� III–V semiconductor sur-
faces prepared by more commonly used methods such as
thermal oxide desorption followed by buffer layer growth8

and indicate that thermal desorption of the native oxide from
InP�001� under an As flux is a very effective method of ob-
taining a high-quality surface without the need for a P supply
provided that only short annealing times are used to mini-
mize the degree of As/P exchange.9 It should be pointed out
that since the As/P exchange is very rapid and takes place
within at most a few seconds even at low temperatures,3 the
predeposition surface stabilization step which normally takes
place under an arsenic flux prior to any epitaxial growth will
invariably lead to the formation of a thin InAs film on top of
the InP substrate. This can be 1–5 ML thick10,11 and means
that InAs growth does not occur on a P-terminated InP sub-
strate, as is often considered to be the case, but on a pre-
existing strained InAs layer. Consequently, the surface
shown in Fig. 2�a� resembles the actual starting surface for
InAs deposition much more closely than any native InP re-
construction.

Deposition of InAs onto the As-stabilized starting surface
does not lead to alloying and pseudomorphic 2D growth as
observed for the coherent stages of InAs/GaAs�001�
epitaxy12 but instead results in the formation of an atomically
roughened surface where the grown layers are incomplete.
This can be seen most clearly in Fig. 2�b�, which corre-
sponds to �=1.35 ML InAs deposition. Pits more than 1 ML
deep can already be observed on the surface �circled in the
STM image and highlighted by arrows on the corresponding
cross section�. Further InAs deposition leads to increased
roughening of the surface. The anisotropy of the surface
morphology perpendicular to the growth direction also in-
creases, with noticeable elongation in the �−110� direction.
Layer growth remains incomplete, and filling in of the pits
observable at the lower coverage does not occur �e.g., Fig.

FIG. 1. 3D projections of filled states STM images �100
�50 nm2� of oxidized InP�001� surfaces after exposure to As2 for:
�a� �60 min at 480 °C, followed by �20 min at 500 °C �sample
was quenched at 500 °C and exhibits a �4�2� reconstruction but
not the �2�4� structure observed at lower temperatures�; �b�
�60 min at 520 °C, followed by 5 min at 540 °C �irreversible
surface degradation via formation of In droplets up to 2.5 nm in
height�; and �c� �2 min anneal at 560 °C �flat top QD-like struc-
tures up to 3.5 nm in height�.
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2�c� corresponding to �=2.03 ML�. At higher coverages,
poorly defined highly elongated QWR-like structures with a
height of up to 1.8 nm ��6 ML� become apparent; see, e.g.,
Fig. 2�d� for �=3.38 ML. Their lateral and vertical size in-
crease gradually as a function of �, with no sudden onset of
3D islanding. Even at this very high nominal coverage, no
reconstruction changes or evidence for alloying can be ob-
served. The dimer rows of the �2�4� reconstruction remain

clearly visible on the top layer of the surface �see inset of
Fig. 2�d��. The evolution of the surface morphology for
deposition at 450 °C is qualitatively very similar to that ob-
served at 400 °C, except that the surface roughening is much
more rapid at the higher temperature. However, it is still
continuous and gradual, and no alloying, changes in recon-
struction, or any sudden growth mode transition is observed.
An STM topograph of the surface after deposition of 2.03
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FIG. 2. Filled states STM topographs �100�100 nm2� of surface morphology �a� before and after InAs deposition on ��b�–�d�� InP�001�
at 400 °C and �e� InP�001� at 450 °C and ��f�–�h�� GaAs�001� at 400 °C. Part of image �d� has been differentiated to highlight the surface
reconstruction. All corresponding cross sections taken diagonally from top left to bottom right corner through the entire image.
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ML InAs at 450 °C is shown in Fig. 2�e�. While the heights
and to a lesser extent the lengths of the wires are much larger
compared to those observed at the same nominal coverage at
400 °C �cf. Figs. 2�c� and 2�e��, the widths remain almost
unchanged, with typical values in the range 15–20 nm.

The evolution of surface morphology as observed by
STM for InAs growth on GaAs�001� at 400 °C �Figs.
2�f�–2�h�� is qualitatively similar to that reported previously
for higher temperatures.13 InAs deposition on the atomically
smooth c�4�4� reconstructed GaAs�001� starting surface
initially results in the formation of a complete alloyed 2D
wetting layer �WL� with an a�1�3� reconstruction �Fig.
2�f��, with further deposition eventually leading to a 2D
→3D growth mode transition at a critical coverage ��crit� of
�1.8 ML, and the nucleation of small QDs �Fig. 2�g��. At
higher coverages, the surface morphology is dominated by a
high density of well-defined QDs, slightly elongated along
�−110� �Fig. 2�h��.

The surface features observed during InAs deposition on
InP�001� are not distinct and are difficult to define particu-
larly at low �. Figure 3�a� shows the variation in �w�, mea-
sured directly from several STM topographs, as a function of
nominal coverage for deposition on InP�001� at both 400 and
450 °C, and for direct comparison, InAs deposition on
GaAs�001� at 400 °C. The roughness increases continuously
and linearly as a function of InAs deposition on InP�001� at
both temperatures, with the rate of increase larger at the
higher temperature. By contrast, InAs/GaAs�001� growth is
characterized by an initial pseudomorphic 2D layer-by-layer
growth phase where �w� remains constant, followed by a
sudden growth mode transition at �crit, after which �w� in-
creases rapidly but also linearly with �. The variation in �h�
as a function of � for both InAs/GaAs�001� and InAs/
InP�001� growth is shown in Fig. 3�b� and is qualitatively
very similar to that observed for �w�.

For InAs/GaAs, strain-driven alloying enables at least
partial strain relaxation and 2D growth up to �crit; all new
material deposited beyond �crit is incorporated into new or
existing QDs. Since strain effects are only important at very
earliest stages of QD formation14 and factors such as In de-
sorption or mass transport from the WL do not contribute at
this low growth temperature,15 it is reasonable to expect that

�w� will vary linearly with time �and therefore � as the depo-
sition rate is constant�. For InAs/InP growth at higher tem-
peratures, enhanced As/P exchange during the stabilization
step before growth is likely to be responsible for the more
rapid surface roughening at 450 °C than at 400 °C; the ef-
fective thickness of the InAs layer formed increases as a
function of temperature. This is likely since P desorption is a
thermally activated process and does not depend on the pres-
ence of As atoms.16 However, although in situ RHEED pat-
terns are indicative of a 2D surface morphology and STM
topographs of the surface prior to growth at the higher tem-
perature do not indicate any significant 3D surface roughen-
ing, some degree of alloying cannot be ruled out.17,18

Our results indicate that in contrast to InAs/GaAs�001�,
an SK-type mechanism does not operate during InAs/
InP�001� heteroepitaxy, at least for the range of experimental
conditions studied. This difference can be attributed to the
effect of group V element exchange before InAs deposition,
as it is the key factor which greatly influences InAs growth
on InP�001�, but is not present when the substrate is
GaAs�001�. Unfortunately the amount of InAs generated dur-
ing the rapid group V exchange during the pregrowth expo-
sure of the InP�001� to an As flux is difficult to measure
directly and needs to be inferred from other data; it also
varies with temperature.19 In consequence, not only will the
actual InAs surface coverage be invariably greater than the
nominal coverage, i.e., the amount of InAs supplied to the
surface, but most importantly, the thickness of the pregrowth
InAs layer may easily exceed �crit for that temperature �par-
ticularly at high temperatures and/or high As fluxes�, leading
to a 2D→3D growth mode transition and formation of 3D
nanostructures without any direct InAs deposition having
taken place20,21 �see, e.g., Fig. 1�c��. The nature of the 2D
→3D growth mode transition is also different during direct
InAs deposition on InP compared to GaAs: in contrast to the
sharp transition observed under a wide range of experimental
conditions during direct InAs deposition on GaAs�001�, the
onset of 3D InAs growth on InP�001� substrates is not abrupt
even under far-from-equilibrium conditions22 or may occur
only after the In supply has been terminated during post-
growth annealing under an As flux.23,24 Furthermore, since
the 2D→3D growth mode transition is considered a strain
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FIG. 3. �a� rms surface roughness �w� and �b� average height �h� measured directly from several STM topographs as a function of amount
of InAs deposited for InAs deposition on InP�001� at 450 °C �filled circles�, InP�001� at 400 °C �filled squares�, and GaAs�001� at 400 °C
�empty circles�. Linear fits for InAs/InP growth at 400 and 450 °C are also shown.
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relief mechanism during heteroepitaxial growth, the onset of
3D growth is normally expected to coincide with stress re-
laxation and the appearance of a spotty RHEED pattern, in-
dicative of the formation of 3D surface features; chevrons
may also form although their appearance and angle depends
on the shape of the 3D islands produced.25 While a clear
reduction in the rate of stress increase is coincident with the
appearance a spotty RHEED pattern and chevrons for direct
InAs deposition on GaAs�001�,26 this is not the case for InAs
growth on InP�001�.27 Here, some strain relaxation precedes
the appearance of 3D features in RHEED, suggesting that a
strain relief mechanism other than a growth mode transition
may be operating. In addition, other InAs/InP growth
studies28 have shown that chevrons appear at the same time
as a spotty RHEED pattern at nominal coverages as low as
0.8 ML and the chevron angle only increases gradually from
0° to �20° over a wide nominal coverage range ��1 ML�.
This is in contrast to changes in the RHEED pattern ob-
served during InAs growth on GaAs, where chevrons appear
rapidly within less than 0.1 ML of �crit with angles of 10°
and above; changes in the chevron angle are also not as large
as those observed on InP�001� surfaces.29 These subtle but
important differences point to the contrasting ways in which
heteroepitaxial strain is accommodated within the two
growth systems and highlight gaps in our detailed under-
standing of InAs growth on InP compared to the more exten-
sively researched and relatively well-understood InAs/GaAs
system, in particular the relative effects of strain and recon-
struction. The gradual and continuous evolution of the InAs/
InP surface morphology as shown in Fig. 2 suggests that
unlike for InAs growth on GaAs where strain effects domi-
nate reconstruction effects at all but the lowest coverages, the
role of the initial reconstruction is far more crucial in the
InAs/InP system.

For InAs growth on InP, the strain perpendicular to the
growth direction �parallel to the surface� is in fact about an
order of magnitude lower than the strain in the growth direc-
tion �perpendicular to the surface�.30 This is a consequence
of significant bond lengthening parallel to the growth direc-
tion in an attempt to accommodate some of the lattice mis-
match between the film and the substrate. While this could
be regarded as the main driving force behind the general
roughening of the interface and may explain the linear rela-
tionship between �w� and time, it is the movement of atoms
in �and not normal to� the plane of the surface that is impor-
tant in determining the detailed evolution of the surface mor-
phology, in particular the type of nanostructure formed. The
absence of any reconstruction change and the lack of clear
evidence for alloying during InAs deposition on InP�001�
suggests that it is the microscopic structure of the As-
stabilized �2�4�-reconstructed InP surface which plays the
crucial role in determining the detailed evolution of surface
morphology during growth in this material system. Although
this influence has been highlighted in a number of
studies,28,31,32 it is not yet fully understood at the atomic
scale. Since As/P exchange—which takes place prior to any
InAs deposition—effectively “locks in” the �2�4� surface
structure, it blocks any kinetic pathway to a lower energy,
possibly alloyed reconstruction,33 and any misfit strain after
As/P exchange must be accommodated only within the �2

�4� structure itself; this cannot occur isotropically parallel
to the surface due to its inherent asymmetry. González et
al.34 proposed that the resulting anisotropic strain relaxation
along the two orthogonal �110� directions of the �2�4� sur-
face is responsible for the formation of highly elongated
nanostructures during InAs/InP�001� growth.

A schematic of the InP surface before and after deposition
of the first 2 ML of InAs, with proposed strain relaxation
pathways is shown in Fig. 4. To accommodate the larger As
atoms and longer In-As bonds once exchange has taken
place, it is possible for dimer pairs in the uppermost surface
layer to bend away from each other slightly across the dimer
rows in the �110� direction �see arrows in Fig. 4�b��. This is
not possible along the dimer rows in the orthogonal �−110�
direction, or for any dimers in the trenches, with bond elon-
gation only in the �001� direction instead �tetragonal distor-
tion normal to the surface �Fig. 4�a��	. The InAs surface prior
to deposition is therefore fully strained along �−110� �Fig.
4�c�� but partially relaxed in the �110� direction �Fig. 4�d��,
resulting in surface diffusion anisotropy and ultimately the
formation of nanostructures which are laterally asymmetric,
as proposed by González et al.34

While this simple model can account qualitatively for the
elongation of InAs/InP�001� nanostructures, it does not pro-
vide sufficient explanation for quantitative aspects of their
growth, in particular the extreme anisotropies of these struc-
tures, which often have length/width ratios exceeding 50/1. It
is also not clear from the model why there is a preference for
the formation of continuous QWRs instead of, for example,
an array of elongated QDs aligned along �−110�, as observed
for InGaAs growth on GaAs�001� with a mismatch very
close to that of InAs/InP �Ref. 35� or why a similar depen-
dence of the type of nanostructure formed on the anisotropy
of the reconstruction is not found for InAs growth on
GaAs�001�. Here, preferential QD or QWR formation would
be expected on, respectively, a symmetric c�4�4� or an
asymmetric �2�4� starting surface, but instead QDs form
irrespective of the starting reconstruction.36 Furthermore,
theoretical studies have found that the adatom diffusivity on
inorganic semiconductor surfaces generally decreases at
compressive strains;37,38 indeed, this has often been attrib-
uted to the existence of surface reconstructions. In a simple
anisotropic strain relaxation model, such an effect would in
fact inhibit diffusion along the less relaxed �i.e., more
strained� �−110� direction compared to �110� and might
therefore erroneously suggest QWR elongation in �110� di-
rection. Other studies which only take into account the influ-
ence of strain anisotropy on diffusion but ignore surface mor-
phology effects39 can also correctly predict the formation of
elongated 3D nanostructures for InAs/InP �elastic anisotropy
strength A�2 for both InAs and InP� but again incorrectly
predict their alignment, in this case in the �100� direction
instead of the experimentally observed �−110� direction.

A proposed extension of the anisotropic strain relaxation
model showing subtle but crucial changes in the local
atomic-level structure of the �2�4� surface is shown in Figs.
4�e�–4�h�. The outward flexing of the dimer pairs along �110�
makes the bottom of the trenches less favorable aggregation
sites for any freshly deposited material compared to the top
of existing dimer rows since locally the effective lattice con-
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stant within the trench �Fig. 4�d�, site 1� is smaller �i.e., less
InAs like� than on the uppermost surface layers �Fig. 4�d�,
site 2�. This difference is larger than for an unstrained
�2�4� surface. No strongly preferred aggregation sites
are created along �−110� as atom movement and bond dis-
tortion is only possible in the �001� direction and not parallel
to �−110� �Fig. 4�e��. As the number of InAs layers increases,
the relative ease with which the uppermost dimer pairs can
flex out along �110� increases �shown with shaded gray ar-
rows in Figs. 4�f� and 4�h��. The relative differences in the
local strain field at different sites increase and the probability
of material aggregating in a deep trench �where the lattice
constant is least InAs like; Fig. 4�h�, site 3� compared to
aggregation on top of the uppermost dimers �where the local
lattice constant is most InAs-like; Fig. 4�h�, site 4� or in a
shallower trench �Fig. 4�h�, site 5�� decreases further. This
effect is cumulative and its strength is enhanced as � in-
creases. Trenches more than 1 ML deep can be observed
already at InAs coverages below 2 ML �“pits” in Fig. 2�b��,
and they act as areas of zero growth during InAs deposition,
inhibiting In diffusion and lateral growth along �110�. In the
orthogonal �−110� direction, atom movement and bond dis-
tortion are only possible in the �001� direction and not par-
allel to �−110�; the way the local lattice constant varies de-
pends very weakly �if at all� on the number of InAs MLs
deposited �e.g., compare Figs. 4�e� and 4�g��. No preferential
aggregation sites are created, and growth along �−110� re-
mains uninhibited. Since the ease of diffusion across the pits
will decrease with increasing pit depth, the rate of lateral
expansion of the QWRs in the �110� direction will quickly
tend to zero, with growth remaining uninhibited only later-
ally in the �−110� direction. This can easily account for the
extreme elongation of the QWRs in one direction only, as
diffusion in the orthogonal surface direction is simply too
limited under normal growth conditions. It is worthy to note
that even though the lengths of 3D nanostructures formed
during InAs growth on InP under a wide range of experimen-
tal conditions can vary over three orders of magnitude from
the nanometer to the micrometer range, their widths remain
remarkably constant and consistently fall in the 10–30 nm
range irrespective of whether the nanostructures formed are
QWRs �Refs. 2 and 40� or QDs.41 This may be viewed as
further evidence for the proposed existence of a large diffu-
sion barrier in the �110� direction only. Since the height of
the diffusion barrier is large but finite, it might be expected
that highly “nonequilibrium” growth conditions, for ex-
ample, a very high growth rate or temperature, lead to the
formation of nanostructures other than QWRs; this does in-
deed occur with QD formation observed for MBE growth of
InAs on singular nonpatterned InP�001� substrates at growth
rates of up to 1.8 ML s−1.22

With the InAs/InP QWRs effectively growing indepen-
dently of each other, the growth behavior in the system can
be compared in principle to that expected on a highly mis-
oriented or a narrow stripe patterned substrate. This can be
described by simple growth models, and it is not surprising
that InAs/InP�001� growth appears to be consistent with a
very simple random deposition growth mechanism,42 where
�w� and �h� vary linearly with time and hence � if the depo-
sition rate is constant. This behavior is typical of an uncor-

related surface and, in this case, is clearly a consequence of
the inability to build up surface correlations in the �110�
direction across the QWRs. Although it is extremely unlikely
that such a simple mechanism actually operates during MBE
growth under the experimental conditions studied, it captures
the essential characteristics of the growth process, namely,
the lack of lateral surface correlations, which are a direct
consequence of the existence and significant strain-induced
enhancement of morphological and energetic asymmetries in
this system. The evolution of the growth front during InAs
deposition is thus predetermined by the characteristics of the
starting surface prior to growth. This is in stark contrast to
InAs growth on GaAs�001�, where the pregrowth surface
structure and morphology is much less important, and does
not significantly affect the type or properties of the nano-
structures formed during the latter stages of growth.

It must be emphasized that the type of strain relaxation
pathway proposed in Fig. 4 is possible irrespective of the
exact chemical composition of the surface, in particular
whether the dimers in the top layers are pure As-As or mixed
In-As;33 it is the local trench-row structure of the �2�4�
reconstruction maintained throughout the growth process
which is the key factor in the formation of highly asymmet-
ric surface structures. Furthermore, our discussion only ap-
plies to InAs grown directly on As-stabilized InP and does
not cover any deposition of InAs on InGaAs buffer layers
grown on InP; in these cases QDs are formed much more
readily than QWRs �Ref. 43� and InP is simply treated as a
convenient substrate for the growth of an unstrained InGaAs
alloy.

It is also important to point out that if differences in ex-
perimental methodology and analysis techniques are taken
into account, our work is fully consistent with other studies
of the initial stages of InAs growth on InP where the forma-
tion of QWRs was interpreted in terms of an SK-type
mechanism,27,28 with a 2D→3D growth mode transition fol-
lowed by 3D nanostructure growth, instead of the gradual
and continuous surface roughening seen here. One key dif-
ference is that previous studies were carried out at much
higher temperatures and As fluxes, and it is conceivable that
a conventional SK-type mechanism may play a more promi-
nent role under these experimental conditions. However, it is
also probable that QWR formation mechanisms other than
SK were not considered because not only was the low InAs
coverage regime ��1.5 ML� not investigated in detail in
these studies but also the effects of the postgrowth annealing
were not taken into account. The analysis techniques used
also impose fundamental limits on what can be observed,
which means that subtle but very important changes in sur-
face morphology, especially during the 2D phase of InAs
growth on InP, might not be observed clearly. For example, a
surface which is roughening due to strain but lacks distinct
isolated 3D features will not induce clear observable changes
in the corresponding RHEED patterns, e.g., compare the sur-
faces shown in Figs. 2�a� and 2�b�, which both exhibit indis-
tinguishable �2�4� RHEED patterns.

IV. CONCLUSIONS

We have used rapid-quench MBE-STM to study the
growth of thin InAs films on InP�001� as a function of cov-
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erage. The surface morphology was found to roughen con-
tinuously and gradually from the earliest stages of deposition
and no evidence was found for a well-defined 2D-3D growth
mode transition as observed in the corresponding studies of
InAs growth on GaAs�001�. The linear variation in the aver-
age height and surface roughness as a function of coverage
reflects the absence of lateral correlations in the �110� direc-
tion between adjacent QWRs formed at higher coverages.
This can be attributed to the pregrowth formation of an As-
stabilized �2�4�-reconstructed InP surface, which was ef-

fectively prepatterned on an atomic scale for highly aniso-
tropic growth. A possible model for the formation of this
self-templating surface and its influence on subsequent
growth is also proposed.
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