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Engineering the surface energy, interface energy, and elastic strain energy in the system via Sb

exposure is used to realize the control on the morphology and optical properties of self-assembled

InP-based InAsSb/InGaAs nanostructures. By flowing trimethylantimony precursor over the

surface of InGaAs buffer layer before the growth of InAsSb nanostructures, the surface/interface

energy in the system is reduced, while the strain energy in the system is enhanced, which lead to a

shape transition from dot to dash, and to wire for the InAsSb nanostructures. As a result of their

morphology changes, the InAsSb nanostructures show different polarization characteristics in their

photoluminescence emission. VC 2011 American Institute of Physics. [doi:10.1063/1.3659695]

Surface energy, interface energy, and elastic strain

energy play a critical role in the epitaxy of self-assembled

semiconductor nanostructures like quantum dots (QDs),

quantum dashes (QDashes), and quantum wires (QWRs),

which have great potential applications in optoelectronic

devices.1 The well-established Stranski–Krastanow (S-K)

growth of these nanostructures is based on the competition

between surface energy, including interface energy and elas-

tic strain energy in the system.1,2 By engineering the surface/

interface energy, and elastic strain energy in the system, one

can control the morphology of nanostructures and thus their

resultant physical properties.2 However, the widely used

approaches to control their morphology and their physical

properties are almost all based on changing the growth pa-

rameters during the growth of these nanostructures, like

growth temperature and growth rate.1,3,4 Little is known

about the approach via the surface/interface energy and

strain energy engineering.2

It is the purpose of this work to demonstrate the feasibil-

ity of surface/interface energy and strain energy approaches

to control the morphology and optical properties of self-

organized InAsSb/InGaAs/InP nanostructures, which have

important applications in mid-infrared emitters.5 By using

antimony (Sb) exposure to modify the surface/interface

energy, and elastic strain energy in the system, the morphol-

ogy of InAsSb nanostructures can be well controlled, and

various nanostructure shapes like dot, dash, and wire can be

achieved. Their optical properties also correspond well with

the shape changes caused by Sb exposure.

The InAsSb nanostructures were grown on semi-

insulating InP (001) substrates in a horizontal flow Metal-

Organic Chemical Vapour Deposition reactor (AIX200/4) at

a pressure of 180 mbar. Trimethylindium (TMIn), trimethyl-

gallium (TMGa), trimethylantimony (TMSb), PH3, and

AsH3 were used as the precursors and ultra-high purity H2 as

the carrier gas. The InAsSb/InGaAs nanostructures were

grown using the following layer sequence: first, a 50 nm InP

layer and 100 nm In0.53Ga0.47As matrix layer were deposited

at 650 �C, then the temperature was dropped to 480 �C to

grow 4 monolayers (MLs) of InAs0.5Sb0.5 nanostructure

layer which was immediately capped with 5 nm

In0.53Ga0.47As without any growth interruption. After that

the temperature was ramped up to 650 �C and a 100 nm,

In0.53Ga0.47As spacer layer was deposited. The same steps

were followed to grow a top layer of InAs0.5Sb0.5 nanostruc-

tures for atomic force microscopy (AFM) measurements. To

investigate the influence of surface energy and elastic strain

energy on the S-K growth of InAsSb nanostructures, just

prior to InAsSb deposition and at 480 �C, antimony was

exposed onto the sample surface for various times (tSb),

namely 0, 4, 8, and 15 s (s) for sample A, B, C, and D,

respectively, by flowing TMSb at 1� 10�4 mol/min with all

other sources removed from the reactor. During the growth

of InAsSb layers TMIn, TMSb and AsH3 sources were intro-

duced simultaneously. The morphology of the top InAsSb

nanostructures was characterized by using AFM in tapping

mode. Raman scattering measurements were performed in

backscattering geometry at room temperature with a

Renishaw 2000 confocal micro-Raman system, where

zðx0; x0 þ y0Þ�z polarization configuration (xk½100�, yk½010�,
zk½001�, x0k½110�, and ky0k½1� 10�) was used. The samples

were excited by the 632.8 nm line of a He-Ne laser to a 2 lm

spot on the surface with an excitation power of 4 mW. Pho-

toluminescence (PL) measurements were carried out under

excitation by a 637 nm laser diode. The luminescence signal

was collected by a liquid nitrogen-cooled extended InGaAs

photodetector through a 0.5 m monochromator.

Figure 1 shows the morphology evolution of InAsSb

nanostructures with increasing tSb. Clearly, InAsSb QDs are

obtained without Sb exposure. However, with increasing tSb

dash and wire structures are formed instead of dot structures.

The InAsSb nanostructures have an average height of �1.3,

1.2, 1, and 0.9 nm, lateral width (along the [110] direction)

of �31, 23, 20, and 15 nm, length (along the [1-10] direc-

tion) of �40, 70, 84, and 140 nm for samples A, B, C, and D,

respectively. With increasing tSb, the height and lateral width

of InAsSb nanostructures decreases to some extent, while

their length increases significantly. This morphology changea)Electronic mail: wen.lei@anu.edu.au.
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is quite unexpected from what is normally reported. As for

the Sb-mediated growth of QDs, two resultant effects on the

subsequent nucleation of QDs may be observed depending

on the amount of Sb used. One is that when using a small

amount of antimony rougher surfaces with a higher step den-

sity will be formed which then provide many nucleation sites

for the growth of three-dimensional (3D) islands, leading to

the formation of high density QDs.6–9 However, AFM study

(images not shown here) on bare In0.53Ga0.47As layers shows

that the surface roughness doesn’t increase after Sb exposure

for 4, 8 and 15 s with the same TMSb flow and at 480 �C.

The other is that when using a large amount of antimony

some Sb atoms will be accumulated on the surface. This will

significantly reduce the diffusion of the group III atoms and

suppress the growth of 3D islands, resulting in the growth of

quantum well (QW) structures.10,11 This effect is different

from what we observed here.

To interpret the unusual experimental phenomena here,

the theoretical approach of Tersoff and Tromp2 is adopted

by taking into account the change of surface/interface energy

and elastic strain energy after Sb exposure. Generally, with

sufficient diffusion of the adatoms, the island’s shape is

mainly determined by the thermodynamic equilibrium of the

system. The shape change is governed by the island energy

per unit volume

E

V
¼ 2C

1

s
þ 1

l

� �
� 2ch

1

s
ln

s

/h

� �
þ 1

l
ln

l

/h

� �� �
; (1)

where s, l, and h are the island width, length, and height,

V ¼ hsl is the island volume and E the total energy.

C ¼ cecsc h� cscot h, where h is the angle between the

island side facet and the substrate and ce and cs are the sur-

face energies per unit area of the island edge facet and the

substrate. c ¼ r2
bð1� mÞ=2pl, where rb is the bulk stress and

m and l are the Poisson ratio and shear modulus of the sub-

strate, respectively, and / ¼ e�3=2cot h. The first term in

Eq. (1) is the surface plus interface energy in the presence of

a wetting layer and the second term the elastic strain energy.

For an island with a given volume and fixed height, minimi-

zation of the total energy with respect to the island width s
and length l results in stable square shaped island with s ¼ l
only for island sizes s ¼ l < ea0, a0 ¼ e/heC=ch. For larger

islands with sizes beyond ea0, the stable shape is rectangular

and the larger the difference between the island sizes grown

and the critical size ea0, the larger the length/width ratios of

the islands grown. Therefore, for an island with a given vol-

ume and fixed height, its shape can be controlled from dot to

dash and to wire by changing the critical size ea0, which can

be realized by engineering the surface/interface energy, and

elastic strain energy in the system through Sb exposure. On

the one hand, the Sb exposure onto InGaAs surface will

significantly reduce the surface/interface energy in the

system10–12; on the other hand, the Sb atoms exposed onto

the InGaAs surface might be incorporated into the InAsSb

layers deposited subsequently, leading to larger lattice mis-

match (strain) between InAsSb layers and InGaAs layers. As

discussed above, both the decrease of surface/interface

energy and the increase of strain in the system will cause a

smaller critical size ea0, leading to a shape transition from

square to rectangular for the island. Furthermore, the smaller

the critical size ea0, the larger the length/width ratio of the

island grown. This is well confirmed by the size evolution of

the grown islands here.

The model discussed above is based on the decrease of

surface/interface energy and increase of strain in the system

after Sb exposure. The role of Sb atoms to reduce surface/

interface energy in the system has been widely reported (see

Refs. 10–12), which leaves the study of strain in the system

as the focus of this work. Figure 2 shows the Raman spectra

obtained on samples A, B, C, and D. The Raman peak

located around 261� 268 cm�1 can be determined to arise

from the InAsSb nanostructures (261, 265, 267, and

268 cm�1 for samples A, B, C, and D, respectively) due to

the fact that its position shifts with increasing the tSb.13–15

Generally, for a perfect heterostructure, both compressive

strain (upward shift) and confinement effects (downward

shift) play a dominant role in the observed phonon frequency

shift (Dxexp): (Dxexp¼DxstrainþDxc).
16,17 When tSb

increases from 0 to 15 s, the island height decreases from

1.3 to 0.9 nm, suggesting a slight increase of phonon

FIG. 1. (Color online) AFM images of samples A (a), B (b), C (c) and D

(d), and schematic diagram of the island’s shape evolution with increasing

the tSb from 0 to 15 s (e). Scan size of (a), (b), (c), and (d) is 1 lm2.

FIG. 2. (Color online) Raman spectra of sample A, B, C and D.
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confinement effect in the islands and thus a small downward

frequency shift (0.2 cm�1 for InAs0.5Sb0.5 islands according

to the modified spatial correlation model18,19). However, the

phonon peak of InAsSb islands shows an upward frequency

shift from 261 to 268 cm�1 experimentally, indicating that

with increasing tSb from 0 to 15 s, the compressive strain in

the InAsSb islands has increased significantly (the phonon

frequency shift from 261 to 265, to 267, and to 268 cm�1

corresponds to an increase of compressive strain from 4.8%

to 6.0%, to 6.6%, and to 6.9% for InAsSb islands according

to the model and parameters reported in Ref. 16, 17, and 20)

and induced an upward frequency shift far surpassing the

downward frequency shift caused by phonon confinement

effect. This large increase of compressive strain with increas-

ing tSb is mainly caused by the incorporation of surface Sb

atoms into InAsSb islands though the change of island geom-

etry also has little influence

The InAsSb islands with different geometric shapes ex-

hibit different optical polarization characteristics. Figure 3

shows the 77 K PL spectra and emission polarization features

of samples A, B, C, and D. It is observed that the PL peak

shifts from 1821 nm (A) to 1986 nm (B), to 1992 nm (C), and

to 2000 nm (D) as tSb increases from 0 to 15 s. The red-shift

with increasing tSb is mainly caused by the incorporation of

surface Sb atoms into InAsSb layers. By assuming that the

compressive strain in InAsSb islands is mainly caused by the

lattice mismatch between InAsSb islands and InGaAs ma-

trix, the average Sb composition (mole fraction) in InAsSb

islands can be roughly estimated to be 22%, 39%, 47%, and

51% for sample A, B, C, and D, respectively, according to

the average compressive strain deduced from the Raman

measurements. It is reported that the band gap of InAs1-xSbx

alloy has its minimum value when the Sb composition x is

around 50%.5 So, the significant increase of average Sb com-

position in InAsSb islands with the increase of tSb from 0 to

15 s results in a substantially reduced band gap and thus a

net red-shift for their PL peak. Figure 3(b) shows the polar

scan of PL intensity of the samples. Obviously, the optical

anisotropy of the InAsSb island increases significantly as tSb

increases, which is mainly caused by their shape anisotropy

despite strain having some influence.

In summary, the controlled fabrication and optical prop-

erties of InAsSb/InGaAs/InP nanostructures have been dem-

onstrated via engineering surface/interface energy and

elastic strain energy in the system. The Sb exposure onto the

surface of InGaAs buffer layers before the island growth is

used to modify the surface/interface energy and elastic strain

energy in the system. With increasing the Sb exposure time,

the surface/interface energy in the system is significantly

reduced, while the elastic strain energy in the system is sub-

stantially increased due to the incorporation of surface Sb

atoms into the subsequent growth of InAsSb islands. This

induces an evolution of island shape from dot structure to

wire structure. As a result of their different shape anisotropy,

the InAsSb islands show different polarization characteristics

for their PL emission, which provides a potential approach to

make polarization selective devices.
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FIG. 3. (Color online) 77 K PL spectra (a) and 77 K

polar scan of the polarized PL intensity (b) of sample

A, B, C and D.
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