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Abstract

We present a detailed study of the parameters which affect the geometrical perfection of

nanopyramids used for the site-selected nucleation of quantum dots. Through an understanding

of crystal facet formation, we demonstrate that undesirable high index planes can be suppressed

using carefully optimized lithography together with properly orientated source fluxes in the

growth reactor. High quality InP nanopyramids are reported with individual InAs/InP quantum

dots positioned with high precision. This represents an important milestone for the fabrication

of complex quantum dot based nanophotonic devices.

1. Introduction

Nanostructures, such as self-assembled quantum dots (QDs)

embedded in a semiconducting host by epitaxial growth, are

very attractive for use as the active elements in optical and

electronic devices relying on the properties of individual

quantum states. For example, luminescent QDs can be

used to create single photon sources [1, 2], entangled

photon sources [3, 4] and quantum bits (qubits) for quantum

computation [5]. Among several other parameters, the control

of the position of these nanostructures is very important if they

are to be used as the active elements in quantum devices. For

example, the electronic states of a self-assembled QD only

couple efficiently to an optical mode of a photonic crystal

microcavity if the QD is accurately positioned within the

antinode of the electric field profile corresponding to that

optical mode [6]. Typical spatial full width at half maximum

for the antinode is of the order of 200 nm, requiring positioning

accuracy of better than ±50 nm. A number of approaches have

been taken to provide this degree of position control which can

be divided into two types; (1) the marking of the location of

a randomly positioned QD and then fabricating the photonic

crystal around it [7], and (2) the precise positioning of a single

QD using a patterned growth process [8, 9]. The latter has

the advantage of providing a scalable approach for the precise

positioning of multiple single QDs. Without this ability the

fabrication of more complex photonic devices, where multiple

dots are coupled together, as required for example in an optical

qubit, becomes very difficult, if not impossible. One successful

example of a patterned growth process is the use of selective

area chemical beam epitaxy (CBE), demonstrated in our group,

to form precisely positioned InP pyramids on which single

InAs QDs are then grown [9, 10]. The approach of selective

area epitaxy not only provides a high degree of positioning

control, but has the added benefit of avoiding the introduction

of other unwanted nearby emitters that could also couple to

the cavity mode [11]. It is not enough to be able to reliably

position a single QD, it must be of high optical quality and the

growth highly reproducible. This is achieved by optimizing

the growth of the pyramidal InP template, which has the

benefit of separating the QD from the initial substrate/growth

interface that typically accumulates impurities. The growth of

a QD on this template depends on the facets that make up the

template, so the growth behaviour of the InP pyramids has to

be well understood. The purpose of this paper is to describe

that growth behaviour and how it can be controlled to create

optimal structures on which single InAs QDs can be grown.

2. Sample preparation

The structures in this study were all grown using chemical

beam epitaxy (CBE) where the growth substrate has a patterned

SiO2 layer on the surface. This is prepared by depositing

a 20 nm thick SiO2 layer on a (001) InP substrate, e-beam

patterning and then wet etching of the SiO2 using a buffered

HF etch. This results in openings in the SiO2 surface exposing

the InP substrate below. The source materials used for the

InP growth were trimethylindium (TMI) as the source of

indium, and precracked PH3 (AsH3) resulting predominantly

in P2 (As2) as the phosphorus (arsenic) source. Growth was
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performed at 515 ◦C using a planar growth rate of 0.05 nm s−1.

The use of an organometallic indium source, as opposed to the

solid indium source used in molecular beam epitaxy, allows

selective area epitaxy to be performed [12]. TMI landing on the

SiO2 surface will rapidly desorb from that surface, whilst any

TMI that lands on the InP surface will crack, providing metallic

indium for the growth of InP. This means that growth only

occurs in the openings in the SiO2 mask, and no deposition

is observed on the SiO2 itself. Selectivity is maintained over

a wide range of growth conditions, from <400 to >550 ◦C.

This selective behaviour is also observed for growth by metal-

organic-chemical vapour-deposition (MOCVD), but unlike in

MOCVD the low pressure growth conditions used for CBE

means that there is no lateral transport of source materials

across the SiO2 mask, and hence no proximity effects to

complicate mask design [12]. The growth in the openings of

the mask results in facetted growth where the resulting facets

are determined by the shape and orientation of the openings

relative to the underlying crystal structure, and the growth

conditions.

3. Results

3.1. Nanopyramid growth evolution

An easy way to determine which facets preferentially grow

is to pattern a circular opening in the SiO2 mask. The

result of growth in such an opening is shown in figure 1(a),

which is a (001) surface surrounded by eight well-defined

low index facets. These facets are the four allowed {110}

and {111} planes. The {111} planes can be further divided

into sets of {111}A and {111}B planes since InP is a zinc-

blende compound semiconductor. The A planes are indium

terminated and the B planes are phosphorus terminated. The

formation of the observed facetted structure is a consequence

of breaking the crystal symmetry by confining the growth

to a well-defined region, followed by different incorporation

rates of indium on different facets combined with micron

size diffusion lengths. As the growth initiates in the opening

many different microfacets will form around the edge of

the pattern. The ones that survive will be those for which

the indium has a low incorporation rate, or equivalently a

long incorporation length (the distance indium diffuses before

incorporation into the lattice). Indium will move from facets

with long incorporation lengths, in figure 1 the {110} and

{111} facets, to ones with a lower incorporation length where

it will preferentially incorporate, in this case the (001) facet,

shown schematically in figure 1(b). This will hold true as long

as the incorporation length on the {110} and {111} facets is

significantly greater than the size of these facets. This results

in an increase in the size of the side facets and a decrease

of the top (001) surface. The final geometry of the structure

will thus be dictated by these relative incorporation lengths,

and will evolve through the sequential completion, and hence

‘removal’, of low incorporation length facets as demonstrated

later.

The relative incorporation length of indium on different

facets will depend on the growth conditions used, in particular

Figure 1. (a) Plan view SEM image of an InP pyramid selectively
grown in a circular opening in a SiO2 mask. The scale bar is 200 nm.
(b) Schematic image of the pyramid.

growth temperature and V/III ratio [13–17]. In general the

{110} facets are very smooth, while the {111} facets can be

significantly rougher under some growth conditions. It is

typically found that conditions favour one type of {111} facet

(A or B) resulting in poor growth of the other.

Using the knowledge of the preferred facets, square

openings were patterned in the SiO2 mask with the sides of

the square aligned in the 〈100〉 directions. To help understand

the evolution of the pyramid formation a series of different

size square openings were made. The result of this growth is

shown in figure 2. Growth of a fixed amount of InP in different

size square openings is geometrically equivalent to the growth

of different amounts of InP in the same size opening. Thus

going from the centre of the spiral (largest opening) outwards

is geometrically equivalent to a time evolution of the growth

of the InP pyramid structures. This holds true as long as the

incorporation length of indium is greater than the size of the

pyramids for all pyramids, as is the case here.

Figure 3 shows scaled images of four of the pyramids in

figure 2. The images have been rescaled so that the initial

square openings in the SiO2 mask are the same size in all the

images, as shown by the dashed square overlaid on top of each

image. Beneath the SEM images are line drawings indicating

the crystal structure for each of the pyramids. With the initial

opening aligned in the 〈100〉 directions four {110} facets are

2
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Figure 2. Plan view SEM image of InP pyramids selectively grown
in different size square openings in the SiO2 mask. All of the
openings have their sides aligned in the 〈100〉 directions. The scale
bar is 1 µm.

formed with the apex being the (001) surface. There is also

evidence of small {111} facets at the base of the pyramid where

the {110} facets meet, this is discussed in more detail later.

As the growth progresses the pyramid grows taller through

the incorporation of material only on the (001) facet with the

material that lands on other facets diffusing to the (001) before

incorporating. This results in a vertical growth rate for the

(001) surface that is higher than observed for planar growth,

and has to be taken into account if a specific pyramid height is

required. This can be determined using geometric arguments

similar to those used for the growth of ridges [18]. This

continues until the pyramid completes to a point, figure 3(b),

the (001) surface having been ‘removed’, or filled in.

Since there is no longer a (001) facet available, further

growth requires the InP incorporation to occur on a different

surface. The next most favourable facet for material

incorporation is the {110} which grows exposing the small

{111} facets in the bottom corners of the pyramids, figure 3(c).

This requires the pyramid to grow over the SiO2 surface, as

can be clearly seen in figure 4. Growth on the {110} surfaces

eventually results in their disappearance, as seen earlier for the

(001) facet, resulting in a pyramid consisting only of {111}

facets, figures 3(d) and 4. Thus the pyramid geometry evolves

through the sequential completion, and hence ‘removal’, of

low incorporation length facets. Since the {111}A and {111}B

facets are chemically different, the A-face being In-terminated

and the B-face P-terminated, if growth is continued it does

so preferentially on the {111}A facets. Continued growth

results in the formation of nanowires as described in [19]. The

Figure 3. SEM images of four of the pyramids from figure 2 with
progressively smaller openings, (a)–(d). The images have been
rescaled so that the openings in the SiO2 mask, indicated by the
dashed squares, are the same size in all the images. Beneath each
image is a schematic diagram of the corresponding pyramid. (a)
Pyramid before completion of the (110) sidewalls. (b) Pyramid at the
point of completion of the (110) sidewalls and the disappearance of
the (001) top facet. (c) Pyramid after completion of the (110)
sidewalls. Subsequent growth on the (110)s results in overgrowth of
the SiO2 mask and development of (111) facets. (d) Pyramid at the
point of completion of the (111) sidewalls.

growth of similar GaAs pyramidal structures have also been

observed, where differences in the material system and growth

conditions results in the preferential formation of a different

sets of facets [20].

If the square openings in the SiO2 mask are aligned to

the 〈110〉 rather than the 〈100〉 directions then square based

pyramids are also grown, but this time with {111} side facets

and the usual top (001) surface. Growth will then progress

as before through pyramid completion and then nanowire

formation. We did not study these {111} pyramids further

due to the enhanced As/P exchange that occurs on the {111}B

sidewalls when growing the InAs QDs, as described later.

3.2. Dependence of growth on source flux orientation

In the growth of the common III–V semiconductors, such as

GaAs and InP, by molecular beam epitaxy techniques such as

CBE the growth rate is controlled by the supply of the group

III species, with an excess of the volatile group V species

provided to maintain stoichiometry. Changing group V flux

3
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Figure 4. SEM images (a) plan view, and (b) at approximately 45◦,
of a structure grown to the point where it forms a completed {111}

pyramid. The pyramid can be seen overgrowing the SiO2 mask. The
scale bar is 500 nm.

will typically modify the group III incorporation length [17],

but this will have fairly subtle effects when growing on

planar surfaces. It is a little more complicated when growing

on structured surfaces, such as the pyramids [17, 21]. As

described earlier, when the indium incorporation length is

greater than the size of the pyramid the resulting facetted

structure depends on the relative incorporation lengths on the

different surfaces. This means that otherwise identical facets

will grow in different ways if there is an asymmetry in the

group V flux. This is demonstrated in figure 5 where pyramids

are grown without substrate rotation, and for P2 and TMI fluxes

incident at different angles. Due to the geometry of the growth

system the P2 and TMI fluxes are always at a fixed angle of

17.5◦ relative to each other, and are changed relative to the

sample normal by tilting and rotating the sample manipulator.

Figure 5(a) demonstrates the effect of non-normal

incidence P2 and TMI fluxes on the shape of a pyramid with

{110} sidewalls. Three of the interfaces between {110} facets

are well defined, but the interface in the bottom part of the

image is wider due to the formation of a (21̄1)B facet. As

the pyramid orientation is tilted, figures 5(a)–(c), this new

facet (a (2̄11)B facet) switches to the top of the image in

figure 5(c). In between these orientations, figure 5(b), both

the (21̄1)B and (2̄11)B facets are simultaneously observed. If

the substrate is rotated 90◦ in the plane, figure 5(e), the (2̄11)B

facet is still observed. The observation of the {211}B facets is

a consequence of the non-uniform P2 flux across the pyramid,

since for both figures 5(b) and (e) the TMI flux is normal to

the surface. The extra facet appears on the side of the pyramid

where the P2 flux is the lowest. Given the angle between the

substrate normal and the P2 gas injector of 17◦ in figure 5(b),

the P2 flux varies by a factor of 1.55 between the {110} facets

facing the injector and those tilted away.

The presence of a {211}B facet and its affect on the

shape of the (001) surface has important consequences for

the deposition of InAs for QD formation. A group V

terminated facet such as the {211}B will undergo rapid P to As

exchange upon As exposure, leading to an unwanted source of

material for QD formation, and consequently a reduced ability

to reproducibly form QDs with desired emission properties.

Moreover, the {211}B facets act as nucleation sites for QDs

(figure 5(d)), which competes with the growth and positioning

of a single QD at the apex of the pyramid. Realizing that the

growth depends more critically on the uniformity of the P2

flux than the TMI flux the sample was oriented so that the P2

flux was normal to the surface, figure 5(f). This shows a very

uniform pyramid with well-defined intersections between the

{110} facets, and a well-defined (001) surface, optimal for use

as a template for InAs QD growth.

3.3. Growing an InAs quantum dot on an InP pyramid

As shown in figure 2 changing the initial size of the opening in

the SiO2 mask, or the amount of InP deposited, the dimensions

of the top (001) facet can be controlled. This provides a perfect

template for the growth of InAs QDs. For the placement of a

single InAs quantum dot the size of the top facet should be of

the order of the size of a typical self-assembled InAs QD grown

on InP, which is 20–40 nm in diameter [22]. To grow a QD we

switch from the deposition of InP to the deposition of InAs. As

in the growth of InP, the incorporation preferentially occurs on

the (001) surface with the supply of indium coming from the

direct impingement of the indium source on the (001) surface

and the diffusion of indium off the other facets. This means

that the collection area for indium is far greater than the size

of the top facet where it incorporates, resulting in a significant

increase in the growth rate of the QD over that for conventional

planar growth. This enhancement in the growth rate has to be

taken into account, and results in the deposition of a very thin

InAs layer for the formation of a single QD. As for the planar

growth of InAs QDs on InP the dot forms via the strain driven

Stranski–Krastanow growth mode [23, 24] at the pyramid top.

An example of a single dot forming at the apex of a pyramid

can be seen in [25].

As mentioned earlier, small {111} facets are sometimes

formed in the initial stages of the pyramidal growth using

square patterns opened in the 〈100〉 directions, figure 3(a).

These occur because the patterning does not produce perfectly

square corners in the SiO2 mask and is emphasized if the

patterning is poor, with the extreme case being a circle, as

shown in figure 1. The formation of {111} facets has a

significant impact when InAs QDs are to be grown on the

top (001) surface of the pyramid. The exposure of those InP

4
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Figure 5. Plan view SEM images of InP pyramid growth without sample rotation and as a function of orientation of the source fluxes (shown
schematically). (a)–(c) Growth with progressive tilt of the sample orientation, note that for (b) the TMI flux is normal to the surface. (e) Same
orientation of the fluxes to the surface as in (b) but with a sample rotation of 90◦ about the surface normal. (d) Same orientation as in (e) but
with a thin layer of InAs grown on top. InAs quantum dots are seen on the (100) and (211̄)B surfaces. (f) The sample is tilted so that the P2

flux is normal to the surface. Note that the {211}B facets are no longer present. The arrows indicate the substrate crystal orientation. The scale
bar is 300 nm.

(This figure is in colour only in the electronic version)

{111}B facets to an arsenic flux during InAs deposition results

in significant quantities of indium being released from the

{111}B facets that will then diffuse to the top (001) surface.

This makes controlling the quantum dot growth very difficult

since the amount of InAs available for dot growth then depends

on the size of the {111}B facets. It is thus essential to produce

patterns in the SiO2 mask with square corners, or at least

create very well-defined faceting so that this process occurs

in the same way for all pyramids. An extreme case of the

P to As exchange is demonstrated in figure 6 where the InP

pyramid is exposed to an As flux at growth temperature for

5 min before cool down. The regions where the {111}B facets

were have been significantly modified with a large quantity of

mass transport of indium from these regions to the (001) facet

occurring. This excess indium then creates InAs in the form of

dots at the top of the pyramid.

A square based pyramid structure is not the only shape that

can be successfully grown using a combination of {110} facets

with the top (001) surface. The square opening can be stretched

into a rectangle which results in a modification of the shape of

the (001) surface used as the template for the dot growth. This

will then cause a change in the shape of the QD that can be

Figure 6. Plan view SEM image of an InP pyramid that has been
exposed to an As flux for 5 min at growth temperature before cool
down. The scale bar is 500 nm.

grown on that surface. An example of this shape modification

is shown in figure 7 where the initial mask opening is changed

from square to rectangular. This results in the InAs layer

5
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(a)

(b)

(c)

Figure 7. Plan view SEM images of InP pyramids grown using a
square (a), and different rectangular openings (b), and (c) in the SiO2

mask. A thin InAs layer is then deposited on the pyramid. The scale
bar is 300 nm.

changing from a square to a wire-like rectangular geometry.

This will have a significant impact on the symmetry of the QD

states, and demonstrates the ability of the patterned growth to

not only control dot position but also affect the symmetry of

the electronic structure [25, 26].

3.4. Optical characterization of a single InAs quantum dot

To demonstrate that pyramids and dots can be grown that

are not only structurally perfect but also demonstrate high

optical quality, photoluminescence (PL) measurements were

performed on structures where the InAs QDs were capped with

InP. Figure 8 shows a low temperature (4.2 K) PL intensity

map of the emission spectra of a single InAs QD in an InP

pyramid as a function of laser excitation power. At low

Figure 8. Photoluminescence intensity map of a capped single InAs
quantum dot on an InP pyramid as a function of excitation power.
Clear s-, p-, and d-shell emission is observed. A ground state
linewidth of 50 µeV is measured.

excitation power a single emission line is observed with a

linewidth of 50 µeV. With increasing excitation power more

lines appear, grouped into s-, p-, and d-shells, as indicated in

the figure. This is a general characteristic of the emission from

single InAs QDs observed in both the InP and GaAs material

systems. The PL shown in figure 8 is directly comparable to

that observed for InAs dots grown on conventional planar InP

substrates [27], being similar in both intensity and linewidth.

This is a direct indication that the pyramidal template is not

causing a degradation of the QD quality.

4. Conclusion

In conclusion, nanopyramids with high geometrical and

structural quality have been grown and are used to nucleate

luminescent InAs QDs. Preferred faceting of InP growth

in selective area epitaxy is shown to depend on two key

parameters, the shape of the openings in the SiO2 mask and

the orientation of the source flux. For the best pyramid growth

the patterning in the SiO2 mask must produce corners that are

as square as possible, and the P2 flux should be normal to the

substrate surface. The quality of dots grown on these optimized

pyramids is demonstrated to be very high, equivalent to those

grown on more conventional planar structures. The proven

ability to control the location of luminescent QDs represents an

important milestone in the quest to build nanophotonic devices

with increased complexity.
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