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Quaternary III-V InAsSbP quantum dots (QDs) have been grown in the form of cooperative InAsSb/

InAsP structures using a modified version of the liquid phase epitaxy. High resolution scanning

electron microscopy, atomic force microscopy, and Fourier-transform infrared spectrometry were

used to investigate these so-called nano-camomiles, mainly consisting of a central InAsSb QD

surrounded by six InAsP-QDs, that shall be referred to as leaves in the following. The observed QDs

average density ranges from 0.8 to 2 � 109 cm�2, with heights and widths dimensions from 2 to 20

nm and 5 to 45 nm, respectively. The average density of the leaves is equal to (6-10) � 109 cm�2

with dimensions of approx. 5 to 40 nm in width and depth. To achieve a first basic understanding of

the electronic properties, we have modeled these novel nanostructures using second-order continuum

elasticity theory and an eight-band k � p model to calculate the electronic structure. Our calculations

found a clear localization of hole states in the central InAsSb dot. The localization of electron states,

however, was found to be weak and might thus be easily influenced by external electric fields or

strain. VC 2011 American Institute of Physics. [doi:10.1063/1.3624621]

I. INTRODUCTION

Narrow bandgap III-V semiconductor materials like

InAs, GaSb, InSb, and their ternary and quaternary alloys are

of particular interest to access mid- and far-infrared wave-

length regions. These materials are promising for a new gen-

eration of LEDs, lasers and photodiodes for applications

such as infrared gas sensors, for molecular spectroscopy,

thermal imaging, photovoltaic and thermo-photovoltaic cells,

as well as for several other infrared applications.

The absorption of infrared radiation in such devices

based on direct bandgap semiconductor materials depends

on the material used. The resulting number of photons per

second per Watt is directly proportional to the wavelength.

Since these materials utilize direct transitions of electrons,

they have a high response speed compared with thermal

detectors.1 Correspondingly, they are highly interesting for

various applications where such a high response speed detec-

tor system is needed. More efficient alternatives to direct

band-gap detectors are based on the intersubband transitions

in quantum-confined heterostructures. The advantage of such

a quantum well infrared photodetector (QWIP) approach is

the availability of a mature III-V fabrication technology and

multi-spectral capability. Such heterostructures have a nar-

row absorption spectrum that can be tuned by varying the

quantum well width and the barrier layer composition.

The most recent development in the field of infrared

photodetectors is the normal incidence quantum-dot photo-

detector (QDIP) technique2 in semiconductors such as

InGaAs/InP, InGaAs/GaAs, InSb/InAs, or SiGe/Si. These

and other QD-based devices are expected to perform well at

elevated temperatures due to their three-dimensional carrier

confinement characteristics.3–5 In these low dimensional

structures, the movement of charge carriers is constrained by

potential barriers. QDIPs are inherently sensitive to normal

incidence radiation and also the dark current is much lower

than that of QWIPs. This technology will be useful in remote

sensing, chemical and biological detection applications, as

well as in photovoltaic (PV)6 and thermo-PV (TPV) cells.7

Among the III-V quaternary material systems, InAsSbP is

a promising candidate because it can cover the very important

mid-infrared region from 3 to 5 lm, adjusting its alloy compo-

sition with the three group-V elements only. This fact together

with a potentially lattice-matched growth on an InAs substrate

makes InAsSbP unique in this material class. While InAsSbP

quantum dots have been successfully grown previously,3,7,8

only a few studies on quaternary cooperative QDs/leaves struc-

tures, so-called nano-camomiles, have been reported so far.4,5

In particular, while charge carrier localization is expected in

the central InAsSb-QD rather than in the surrounding InAsP-

leaves in these nano-camomiles, due to the conduction and va-

lence band offsets of the dot, leaves and surrounding matrix

material, long-ranged strain, and polarization potentials arising

from the leaves are expected to induce a significant influence

on the properties of the electrons and holes in the central dot.

Controlling the composition ratio between As, Sb, and P

allows strain control in InAsSbP, and therefore a modification

of the growth process and structural properties of the InAsSb

dots and the surrounding InAsP-leaves.

The previously observed nano-camomiles4,5 are further-

more an excellent subject for understanding the complicated

a)Electronic mail: oliver.marquardt@tyndall.ie. Now at: Tyndall National

Institute, Lee Maltings, Cork, Ireland.
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influences of strain, polarization potential, and band offsets

on the electronic structure of coupled InAsSb/InAsP nano-

structures. To achieve a more detailed understanding of the

electronic properties of these nanostructures, a theoretical

description based on the experimental observations is

required, allowing to study the influence of experimentally

tunable parameters of the InAsSb/InAsP-nanostructures on

their electronic properties and to identify possible applica-

tions of these systems.

In this paper, we present a combined experimental and

theoretical study of coupled InAsSb/InAsP nanostructures,

including their nucleation process and the optoelectronic

properties. As a first approach to the electronic properties,

we have chosen an eight-band k � p model including strain

and built-in electrostatic potentials to calculate single-parti-

cle electron and hole states and their eigenenergies.

II. EXPERIMENTAL SETUP

The main driving force of InAsSb/InAsP-QD molecules

is the surface diffusion of antimony atoms, similar to that in

classic InAs/InSb-systems.9 This leads to the formation of

InAsSb-QDs. Simultaneously, phosphorous atoms move in

the surrounding material around the InAsSb-QD, thus form-

ing the surrounding InAsP-QDs, that we refer to as leaves,

and therefore forming a coupled InAsSb/InAsP dot-leaf-

nanostructure without a wetting layer. The surface diffusion

of phosphorous atoms to one or opposite directions opens up

a new possibility and can be employed as an additional tool

to control the nucleation process and the type of nanostruc-

ture which is grown. The resulting nanostructure can after-

wards be buried in InAs, if required for the purpose of a

specific device. Depending on the growth conditions, i.e.,

growth temperature, composition of the liquid phase and its

contact time with the substrate surface, the geometry of the

nanostructure changes. When the phosphorous atoms are en-

ergetically preferred to jump and are forced out of the QD,

the InAsP-leaves will nucleate around the QD.4,5 Otherwise,

when the phosphorous atoms are energetically preferred to

move to the center of the QD, the final shape of the nano-

structure will have the form of a quantum ring, i.e., a ring-

like InAsSb-QD with a InAsP-QD on the top. In this case

quantum rings are not surrounded by additional leaves. The

size of the observed QD-nanostructures is influenced by the

contact time of the liquid with the InAs surface, as the late

stages of the growth process are typically characterized by

an increase of larger QDs as they absorb smaller QDs. This

behavior is commonly known as Ostwald ripening10 and

leads to the formation of larger, ellipsoidal InAsSb-clusters

that are observed and discussed in Ref. 4. A step-cooling ver-

sion of liquid phase epitaxy (LPE) with a modified slide-boat

crucible is applied for the nucleation of InAsSb/InAsP coop-

erative nanostructures. In that crucible, nucleation of the

quantum-size objects and epitaxial films is performed from

the thin (tunable from 200 to 500 lm in height) liquid phase

in order to prevent the influence of convection and tempera-

ture gradient on the growth process. Our investigations show

that this technological approach increases the reproducibility

of the grown structures. According to the InAs-InSb-InP

quasi-ternary phase diagram,11 as a starting point we use the

quaternary liquid phase composition that corresponds to the

InAs0:742 Sb0:08 P0:178 alloy in solid phase, that is conven-

iently lattice-matched to InAs substrate. We use the liquid

phase supersaturated by both antimony and phosphorus to

achieve a nucleation of InAsSb/InAsP dot/leaf-nanostruc-

tures. Other technological conditions are described in more

detail in Refs. 4 and 8. In contrast to other growth techniques

as molecular beam epitaxy or metal organic chemical vapor

deposition, LPE operates comparatively closer to the thermo-

dynamic equilibrium. To ensure a high purity of the epitaxial

layers, the entire growth process has been performed under a

pure hydrogen atmosphere. The InAs substrates used in this

work were 11 mm in diameter, (100)-oriented, undoped, and

have a background electron concentration of 2� 1016 cm�3.

High resolution SEM (SEM-EDXA-FEI Nova 600-Dual

Beam) and AFM (TM Microscopes Autoprobe CP) techni-

ques are used for the investigation and characterization of

the QDs and leaves morphology, dimensions and distribution

density. The Fourier-transform infrared spectrometry (FTIR-

Nicolet/NEXUS) is used to investigate the transmission

spectra of QD-leaf cooperative structures.

III. CALCULATION OF ELECTRONIC PROPERTIES

The energies of the conduction and valence band edges

of InAs, InSb, InP, and their ternary alloys indicate highly

interesting electronic properties of InAsSb/InAsP-alloy

nanostructures. In particular, the band offsets of InSb in InAs

suggest that electrons might be located in InAs, whereas the

valence band maximum is inside InSb and thus makes this

material to be preferred by the hole states. Based on these

insights and further experimental information available, we

have performed continuum model calculations to predict the

elastic and electronic properties of coupled dot/leaf nano-

structures and to identify possible ways to control their elec-

tro-optical behavior. Our studies are aiming at a general

understanding of the unique properties of these systems,

allowing a qualitative, rather than a fully quantitative com-

parison with the experimentally observed data. We have cal-

culated the elastic properties of the system using second-

order continuum elasticity theory,12 similarly to our previous

work on, e.g., nonpolar GaN/AlN quantum dots.13 From the

obtained strain fields, the built-in polarization potential has

been calculated. For this purpose, we have employed a

plane-wave based formulation of the continuum elasticity

theory, for details see Ref. 14. Lattice, elastic, and piezoelec-

tric constants taken from Ref. 15 have been linearly interpo-

lated between the InAs/InSb and InAs/InP parameters within

the segregation profiles assumed in the present study.

Strain and built-in piezoelectric potentials enter the eight-

band k � p Hamiltonian and thus modify the electronic struc-

ture of the nanostructure.16 The details of our plane-wave

based implementation of the eight-band k � p formalism can

again be found in Ref. 14. Moreover, we have previously

evaluated the validity of the employed model for GaN/AlN

QDs of smaller characteristic dimensions and were able to

achieve an excellent agreement with atomistic tight-binding

calculations.17 The parameters required for the calculation of
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the electronic properties were also taken from Ref. 15. All pa-

rameters except for the bandgap were linearly interpolated

between the corresponding binary alloys. For the bandgap, a

strong bowing is observed in InAs1�xSbx. This bandgap bow-

ing reduces the conduction band offset of InAsSb for an Sb

content of 20% such that it is smaller than the bulk InAs

bandgap and thus potentially allows for a localization of elec-

trons inside the InAsSb dot. The bandgap Eg is thus calculated

in a quadratic interpolation

EgðInAs1�xSbxÞ ¼ x � EgðInSbÞ þ ð1� xÞ � EgðInAsÞ
� x � ð1� xÞ � bpðInAsSbÞ; (1)

where bp is the bandgap bowing parameter that can also be

found in Ref. 15.

IV. RESULTS

The high resolution SEM images of the InAsSbP QD/

leaf cooperative structures and an enlarged view of these

nano-camomiles are presented in Fig. 1. The observed QDs

average density ranges from 0.8 to 2 � 109 cm�2, with

heights and widths dimensions from 2 to 20 nm and 5 to

45 nm, respectively. The average density of the leaves is

equal to 6 to 10� 109 cm�2 with dimensions of approx. 5 to

40 nm in width and depth. Note that a bimodal growth mech-

anism for both the QDs and the leaves nucleation was

observed. A Lifshits-Slezov-like distribution for the number

of relatively small and lens-shaped QDs and leaves versus

their average diameter was observed. Together with the

nano-camomiles shown in Fig. 1, larger, ellipsoidal InAsSb-

QDs have been observed, that do not exhibit surrounding

InAsP-leaves, arising in the late stages of the growth process

due to Ostwald ripening. However, these structures are

not subject of the present work. More detailed descriptions,

technological conditions and the nucleation mechanism of

the InAsSbP quaternary QDs and the QD/leaf cooperative

structures are presented in Refs. 4, 5, and 8.

The room temperature FTIR spectrum of uncapped

InAsSbP QD/leaf structures grown on InAs(100) by LPE is

presented in Fig. 2. As a test sample, we use the same

undoped InAs(100) substrate without InAsSb QDs and sur-

rounding InAsP-leaves. The results show the displacement

of the absorption edge toward the long wavelength region

from k¼ 3.44 lm (for test sample) to k¼ 3.85 lm. We

assume that this effect is the result of the absorption by the

QDs through the permitted energy sub-band. Even though

the shift of the absorption edge clearly indicates the optical

activity of the nanostructures, discrete emission peaks, are

not clearly distinguishable in the spectrum. We account this

to the fact that the spectrum was measured at room tempera-

ture and to the presence of the larger, ellipsoidal QDs that

were reported in Ref. 8. Future investigations of the InAsSb/

InAsP-nanostructures will therefore require low-temperature

photoluminescence measurements.

A. Modeling the electronic properties of InAsSbP-dot/
leaf-molecules

To gain a more detailed insight in the elastic and elec-

tronic structure of the observed dot/leaf-nanostructures, we

have carried out continuum elasticity and k � p-calculations.

As our previously evaluated SEM-EDXA measurements

have shown,4,8 the QDs are enriched by antimony atoms,

whereas the leaves are enriched by phosphorus atoms. As a

model system, we have therefore chosen an InAsSb QD sur-

rounded by six InAsP leaves. The InAsSb dot has a flat, lens-

like shape with a diameter of 18 nm and a height of 7.2 nm,

which corresponds to the smaller dots observed in the above

references. Furthermore, following experimental evidence

from strain measurements at the QD interfaces,8 we have

assumed the Sb content in the dots to have a maximum in the

outer shell and to linearly decrease to the center with the Sb

concentration being zero in the center of the dot and 20% in

the shell region. This assumption of the composition profile

serves as a first approach to understand the elastic and elec-

tronic properties of these systems. To gain more information

about the composition profile in these InAsSb/InAsP-nano-

structures, further experiments such as high resolution trans-

mission electron microscopy (HRTEM) are required, that

have not been performed so far. For the six surrounding

InAsP leaves, the composition profile behaves similarly. We

again assume a maximum P content of 15% in the shell

FIG. 1. (Color online) High resolution SEM images of the InAsSbP QD/leaf

cooperative structures (A). (B) and (C): enlarged view of the nano-camo-

miles. White ovals are QDs, black ovals are leaves.4 A schematic picture is

shown in the center.

FIG. 2. FTIR spectra of the InAs test sample and the InAsSbP QD/leaf

structure sample.4
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region and pure InAs in the center. The diameter of the

leaves is chosen to be 9 nm and the height is 3.6 nm, accord-

ing to the experimental observations of the smaller dot/leaf

systems.

The experimental information from Fig. 1 and Refs. 4

and 5 allow moreover lens-shaped coupled InAsSb/InAsP

QD molecules, i.e., the full lens-shaped dots and leaves

might likewise be cut in half perpendicular to the growth

direction. We have therefore simulated both possible struc-

tures, i.e., half-lens-shaped as well as full-lens-shaped dot/

leaf systems in our calculations, in both cases a wetting layer

was not considered, following experimental observations.

The QD molecule geometry is depicted in Fig. 3. We have,

furthermore, considered buried QD/leaf-systems in this

study.

The bulk conduction and valence band edges of a lens-

shaped dot/leaf system, resulting from the assumed material

composition and the bulk band offsets, are shown in Fig. 4

along the [010]-direction through the dot’s center. With a

shallow conduction band minimum being located in the outer

regions of the central InAsSb-dot, localized electron states

can possibly be expected in the dots. However, the bulk band

edges are qualitatively modified if strain is taken into

account. The diagonal strain components in the full-lens-

shaped QD molecule systems are plotted along the [010]-

direction in Fig. 5. As can be seen in Fig. 6, strain, derived

from a second-order continuum elasticity model, has a sig-

nificant influence on the conduction and valence band off-

sets. In particular, the shallow minimum of the conduction

band in the InAsSb dot shell vanishes, as due to strain the

conduction band offset in the outer InAsSb-shell is increased

to a value higher than the one in bulk InAs, such that a local-

ization of electrons inside the dot cannot be expected any

more. The valence bands are additionally split up due to

strain. However, since the valence band maximum remains

inside the InAsSb shell, the hole state localization is not

expected to be qualitatively modified and holes are expected

to localize similarly to the case where strain is neglected.

All of the above investigations were performed for the

full-lens-shaped dot/leaf molecule. The half-lens-shaped struc-

ture behaves qualitatively similar. The built-in piezoelectric

FIG. 3. (Color online) Top and side view of the lens-shaped InAsSb/InAsP

QD molecule. For the half-lens-shaped molecule, the structure is cut in half

in the middle perpendicular to the growth direction, marked by a dash-dotted

red line in the side view.

FIG. 4. (Color online) Bulk conduction (red, light gray) and valence band

(blue, dark gray) offset along the [010]-direction from the boundary to the

center of the system. The InAsP leaves and InAsSb dots are indicated as

ellipsoids where dark (light) gray indicates high (low) P or Sb content (color

online).

FIG. 5. (Color online) Diagonal components of the strain tensor plotted

along the [010]-direction through the center of the dot and two leaves.

FIG. 6. (Color online) Conduction (red, light gray) and valence band (blue,

dark gray) offsets modified by strain and built-in electrostatic potentials plot-

ted along the [010]-direction from the boundary to the center of the system

(color online). The three highest valence bands are split due to strain. Minor

numerical wiggles occur around the dot and leaves boundaries due to abrupt

interfaces occurring in these regions.
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potential of the dot/leaf-molecule has been calculated from

the strains as described in Ref. 14 and is shown in Fig. 7.

Maximum and minimum of the potential are at around

633 mV, however, these extrema were found to occur outside

the central dot and are thus not expected to induce significant

modifications of the electron and hole state localization.

Moreover, it is clearly visible that the hexagonal symmetry of

the InAsSb dot with the surrounding InAsP leaves is not

reflected in the resulting polarization potential that shows the

qualitative behavior of comparable (001)-grown, flat lens-

shaped dots in a zinc blende structure. We conclude, that the

symmetry of the polarization potential is thus dominated by

the underlying crystal structure rather than by the nanostruc-

ture’s shape.

The shallow minima of the conduction band, that vanish

if strain is considered in the model system as well as the modi-

fications that occur for the valence band suggest a weak local-

ization of the electrons whereas a localization of holes inside

the InAsSb dot can be expected. The electron and hole states

closest to the bandgap were thus calculated using an eight-

band k � p model. To understand the influence of strain on the

electron localization, we have again first performed these cal-

culations neglecting strain and built-in potentials. Under these

assumptions, we have found the electron ground state to local-

ize inside the InAsSb dot, as can be seen in Fig. 8 for the full-

lens-shaped nano-camomile. Moreover, we found the hole

states to be strongly localized in the outer InAsSb dot shell.

If we take the previously computed strains and polariza-

tion potentials into account, we find the hole states still local-

ized in the dot’s shell region. However, the electrons in this

case were found to be no longer localized in the dot. It is

therefore clear that the shallow conduction band minimum in

InAsSb is modified by strain resulting from both the QD ma-

terial and the surrounding leaves such that it does not allow

for electrons to localize inside the dot. The above results

apply to the full-lens-shaped dot, however, no qualitative

change is observed for the half-lens-shaped system and the

eigenenergies show a similar quantitative behavior. The elec-

tron and hole eigenenergies for the full and the half-lens-

shaped system are shown in Table I. As these single-particle

calculations do not include excitonic effects and are further-

more performed under the assumption of a temperature of

0K, we cannot expect an exact agreement with the FTIR-

spectrum shown in Fig. 2. The electron-hole ground state

energy difference corresponds to wave lengths of 3.72 lm

for the half-lens-shaped QD and 3.64 lm for the full-lens-

shaped dot, however, which is close to the measured absorp-

tion band edge in Fig. 2. The absolute energies of electrons

and holes are modified due to strain by a few meV only.

However, it can be seen that strain and polarization poten-

tials break degeneracies that occur when such effects are not

included. In particular the polarization potential will induce

an energy splitting of states that may be degenerate due to

the lack of the bulk-inversion asymmetry in the employed

eight-band k � p-model.18 On the other hand, the fundamen-

tal question if a hole state close to the valence band

FIG. 7. (Color online) Polarization potential of the InAsSb-dot/InAsPleaves

molecule in a 3D view. Bright (dark) yellow isosurfaces with sixfold sym-

metry mark the central dot (surrounding leaves). The red and green isosurfa-

ces exhibiting a twofold symmetry mark a potential of 60:17 mV.

FIG. 8. (Color online) Electron ground state and hole states closest to

the bandgap for model calculations including (left) and excluding (right)

the modification of the bulk electronic properties due to strain. The QD-

molecule is marked yellow (light gray). Blue (dark gray) isosurfaces repre-

sent 50% of the maximum charge density for the hole states and 90% for the

electron state.
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maximum is localized in the InAsSb dot or outside is not

affected by this simplification.

V. SUMMARY

We have performed a first joint experimental and theo-

retical investigation of quaternary QD molecules consisting

of InAsSbP in the form of cooperative InAsSb-dot-InAsP

QD structures grown by a modified version of the LPE. Our

theoretical studies of the electronic structure of these

InAsSb/InAsP nanostructures have revealed a strong local-

ization of hole states in the InAsSb dot. The electron local-

ization, however, was found to be easily influenced by minor

effects as, e.g., strain. This behavior results from the conduc-

tion band offset of InAsSb which decreases below the InAs

bulk conduction band offset only slightly due to a strong

bandgap bowing. This results in a shallow barrier for the

electrons which can be easily overcome by strain or addi-

tional electric fields. This property makes these ternary QD

molecules highly attractive for applications where an access

to the electron localization via external electric fields or

applied strain is required. It is therefore necessary to achieve

a more detailed understanding of the structures studied

within this work from both experimental and theoretical side

and to gain a better insight into their properties, such as, e.g.,

accurate segregation profiles obtained from HRTEM meas-

urements and the electronic and optical properties that can

be predicted from many-particle calculations and measured

from photoluminescence spectra.
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TABLE I. Electron and hole eigenenergies in eV. We=h denote electron/hole

wave functions.

Full-lens-shaped

State Strained Unstrained

W0
e � 0.1704 � 0.1741

W0
h � 0.5125 � 0.5024

W1
h � 0.5136 � 0.5048

W2
h � 0.5140 � 0.5053

W3
h � 0.5140 � 0.5077

Half-lens-shaped

W0
e � 0.1716 � 0.1729

W0
h � 0.5048 � 0.4927

W1
h � 0.5067 � 0.4941

W2
h � 0.5067 � 0.4970

W3
h � 0.5082 � 0.4975
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