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Graded growth technique is utilized to realize the control over the composition, morphology, and

optical properties of self-assembled InAsSb/InGaAs/InP nanostructures. By increasing the initial

mole fraction of the Sb precursor during the graded growth of InAsSb, more Sb atoms can be

incorporated into the InAsSb nanostructures despite the same Sb mole fraction averaged over

the graded growth. This leads to a shape change from dots to dashes/wires for the InAsSb

nanostructures. As a result of the composition and morphology change, photoluminescence from

the InAsSb nanostructures shows different polarization and temperature characteristics. This work

demonstrates a technologically important technique—graded growth, to control the growth and the

resultant physical properties of self-assembled semiconductor nanostructures. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4789513]

Semiconductor nanostructures such as quantum dots

and quantum wires attract much attention recently due to

their potential applications in devices and the interest in

fundamental study.1 For example, In(Ga)As quantum dots

on both GaAs and InP substrates have been studied for the

applications in 1.3 lm and 1.55 lm optical communication

lasers in the last two decades.2–5 Most of these semiconduc-

tor nanostructures are fabricated through epitaxial growth

techniques such as molecular beam epitaxy and metal-

organic chemical vapour deposition via the Stranski–Krasta-

nov mode, where the nanostructures are formed by releasing

the strain energy (lattice mismatch) accumulated in the sys-

tem when the thickness of the epitaxial layer exceeds a criti-

cal value.1–5 Furthermore, during the growth of these

nanostructures, group V atoms are usually introduced into

the growth chamber simultaneously with group III atoms at

a constant flux or mole flow. By engineering the growth

conditions like growth temperature, growth rate, V/III ratio,

strain field, and buffer layer, the morphology and physical

properties of the nanostructures can be changed signifi-

cantly.3,6,7 Because of the different sticking coefficients and

incorporation efficiencies of different atoms, graded growth

provides another interesting approach to engineer not only

the morphology and physical properties but also the compo-

sition of ternary and quaternary semiconductor alloys and

their nanostructures. However, this graded growth technique

is seldom studied, especially for the semiconductor alloys

with two different group V elements. In this work, graded

growth technique is applied in the epitaxial growth of

InAsSb ternary nanostructures to engineer their composi-

tion, morphology, and physical properties. These nanostruc-

tures have potential applications in mid-infrared

optoelectronic devices.8–12 It is found that by using different

graded approaches the actual Sb composition in InAsSb

nanostructures can be changed significantly despite the fact

that their nominal Sb mole fraction (averaged over the

graded growth) is kept the same, which results in different

morphologies for the InAsSb nanostructures. As a result of

their composition and morphological changes, photolumi-

nescence from these InAsSb nanostructures shows different

polarization and temperature characteristics.

The InAsSb nanostructures were grown on semi-

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

organic chemical vapor 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 nanostructures were grown using

the following layer sequence: First, a 50 nm InP layer and

100 nm In0.53Ga0.47As layer were deposited at 650 �C, then

the temperature was dropped to 480 �C to grow 4 monolayers

(MLs) of InAsxSb1�x nanostructures which was immediately

capped with 8 nm In0.53Ga0.47As without any growth inter-

ruption. After that the temperature was ramped up to 650 �C
and a further 100 nm In0.53Ga0.47As layer was deposited. The

same steps were followed to grow a top layer of InAsxSb1�x

nanostructures for atomic force microscopy (AFM) measure-

ments. For the growth of 4 ML of InAsSb in all samples, a

constant TMIn flow (2.011� 10�5 moles/min) was intro-

duced into the growth chamber for 8 s simultaneously with

AsH3 and TMSb flows based on the assumption that the

growth rate of InAsSb layers is only dependent on the TMIn

flow rate. To engineer the composition, morphology, and

physical properties of the InAsSb nanostructures, five differ-

ent graded growth approaches were used during the growth

of InAsSb, and the corresponding samples were named as

samples A, B, C, D, and E, as shown Figure 1(a). For all the

graded growths, the AsH3 and TMSb mole fraction were var-

ied linearly from the initial to the final values as illustrated in

Figure 1(a). The morphology of the top InAsSb nanostruc-

tures was characterized by using AFM in tapping mode. To

determine the actual As and Sb composition in the InAsSba)Electronic addresses: wen.lei@anu.edu.au and wen.lei@uwa.edu.au.
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islands, Raman scattering measurements were performed on

all the samples in backscattering geometry at room tempera-

ture with a Renishaw 2000 confocal micro-Raman system,

where zðx0; x0 þ y0Þ�z polarization configuration (xk½100�,
yk½010�, zk½001�, x0k½110�, 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 532 nm laser diode. The luminescence signal

was collected by a liquid nitrogen-cooled extended InGaAs

photodetector through a 0.5 m monochromator.

Figures 1(b)–1(f) show the AFM images of the InAsSb

nanostructures in samples A, B, C, D, and E. The InAsSb

nanostructures in samples A and B show dot-like morphol-

ogy, while those in sample C, D, and E show dash- and wire-

like morphology. Except for a few large dislocated islands,

the quantum dots have an average height of �7 and 6 nm

and an average diameter of �55 and 50 nm for samples A

and B, respectively. Compared with the dots in sample A,

the dots in sample B have a slightly elongated shape, the rea-

son for which will be discussed later. In contrast, the InAsSb

dashes/wires have an average height of �3.5, 2.5, and 2 nm,

an average lateral width (along the [110] direction) of �35,

20, and 22 nm, and an average length (along the [1�10] direc-

tion) of �104, 130, and 190 nm for samples C, D, and E,

respectively. More interestingly, the island shape suddenly

changes from dot into dash when the initial mole fraction of

Sb precursor (TMSb) during the graded growth increases

from 25% to 50%. This sudden morphological change is

very similar to what was observed in one of our previous

works about the effect of Sb exposure on the morphology of

InAsSb nanostructures.13 As discussed in Ref. 13, a higher

Sb composition in InAsSb nanostructures will cause a larger

lattice mismatch between InAsSb and substrate/buffer layer

and thus a larger strain in the system. This will induce a

smaller critical size ea0 for the island’s shape change in the

system and thus lead to a shape change from dots to dashes/

wires once the island’s size surpasses the critical size ea0,

which might also be the reason for the morphological

changes observed here.

To confirm the change of the actual Sb composition in

InAsSb nanostructures, Raman spectroscopy was performed

on all the samples. Figure 2 shows the Raman spectra of

sample A, B, C, D, and E, respectively. Clearly, four Raman

peaks are observed for all the samples, where the peaks

around 229.6, 245.2, and 349.4 cm�1 can be attributed to the

InAs-like TO, InAs-like LO, and InP LO phonon modes,

respectively.13–15 However, there is another Raman peak

centred around 257.9–265.7 cm�1, which can be assigned to

the phonon mode of the InAsSb nanostructures.14,15 Gener-

ally, for a perfect heterostructure, both compressive strain

(upward shift) and confinement effects (downward shift)

play a dominant role in the phonon frequency shift (Dxexp):

(Dxexp¼DxstrainþDxc).
16,17 When the initial TMSb mole

fraction during the graded growth increases from 0 to 1, the

island height decreases from 7 to 2 nm, suggesting a certain

increase of phonon confinement effect in the islands and thus

a downward frequency shift (�1.3 cm�1 for InAs0.5Sb0.5

islands according to the modified spatial correlation

model18,19). However, this frequency shift is quite small

compared with the large net frequency shift (�13 cm�1) rel-

ative to the InAs LO mode (245 cm�1). This indicates that

FIG. 1. Sketched graded growth proc-

esses (a) and AFM images of InAsSb

nanostructures in samples A (b), B (c),

C (d), D (e), and E (f).

FIG. 2. Raman spectra of samples A, B, C, D, and E.
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the Raman shift here is mainly dominated by the compres-

sive strain in the InAsSb nanostructures. With increasing the

initial TMSb mole fraction from 0 to 1, the compressive

strain in the InAsSb islands increases significantly (the pho-

non frequency shift from 257.9 to 259.8, to 261.8, to 263.7,

and to 265.7 cm�1 corresponds to an increase of compressive

strain from 4.0% to 4.6%, to 5.2%, to 6%, and to 6.8% for

the islands according to the model and parameters reported

in Refs. 16, 17, and 20) and induces an upward frequency

shift far surpassing the downward frequency shift caused

by phonon confinement effect. As reported in Ref. 13, the

compressive strain in InAsSb nanostructures is mainly deter-

mined by the lattice mismatch between the substrate and

InAsSb. Therefore, the actual average Sb composition in

InAsSb nanostructures can be estimated to be 0.11, 0.2, 0.28,

0.39, and 0.5 for sample A, B, C, D, and E, respectively.

Because In-As bond is stronger than In-Sb bond,21 it is rela-

tively easier for As atoms to be incorporated into the InAsSb

nanostructures compared with Sb atoms. But a higher initial

TMSb mole fraction during the graded growth like that in

sample E will increase the driving force for more Sb atoms

to be incorporated into InAsSb islands, leading to a higher

actual average Sb composition in InAsSb nanostructures and

thus a significant increase of the compressive strain. This

suggests that the initial TMSb mole fraction during the

graded growth plays an important role in controlling the

actual Sb composition in InAsSb nanostructures.

As a result of the morphology and composition changes,

the InAsSb nanostructures exhibit different emission wave-

length and different optical polarization characteristics.

Figure 3 shows the 77 K PL spectra and emission polariza-

tion features of samples A, B, C, D, and E. It is observed that

the PL peak shifts from 1840 nm (A) to 1826 nm (B), to

1762 nm (C), 1765 nm (D), and to 1785 nm (E) as the initial

TMSb mole fraction increases from 0 to 1. This shift of PL

peak position with increasing initial TMSb mole fraction can

be attributed to the change of island size and actual average

Sb composition. The inset of Figure 3 shows the polar scan of

PL intensity of the samples. Obviously, the optical anisotropy

of the InAsSb islands increases as the initial TMSb mole frac-

tion increases, especially as the initial TMSb mole fraction

increases from 0.25 to 0.5, which is mainly caused by their

shape anisotropy despite strain having some influence.

To further study the influence of the graded growth on

the optical properties of InAsSb nanostructures, temperature

dependent PL measurements were performed. Figure 4

shows the PL peak energy and intensity as a function of tem-

perature for sample A, B, C, D, and E. All the samples show

a faster red-shift for their PL peaks with increasing tempera-

ture compared with bulk InAs or InSb, which is expected for

low-dimensional structures such as quantum dots and quan-

tum dashes. Interestingly, the red shift rate of the PL peak

decreases with increasing the initial TMSb mole fraction

during the graded growth, especially when the initial TMSb

mole fraction increases from 0.25 to 0.5. This change of red

shift rate might be due to the increase of actual average Sb

composition in InAsSb nanostructures with increasing the

initial TMSb mole fraction during the graded growth. A sim-

ilar change of red shift rate with increasing the Sb composi-

tion was observed before for InAs1�xSbx epitaxial layers on

GaAs and InAs substrates.22–24 The exact reason for this

change of red shift rate is still not very clear though some

suggestions were proposed such as emission involving impu-

rity state, free carrier transition, and wave-vector-noncon-

serving transition,22–24 which remains to be studied later. As

for the difference among the red-shift rate of samples C, D,

and E, the different energy barriers for carrier escape might

also play a role. For example, the InAsSb nanostructures in

FIG. 3. 77 K PL spectra and 77 K polar scan of the PL intensity of samples

A, B, C, D, and E.

FIG. 4. Temperature dependent PL energy (a) and PL intensity (b) of sam-

ples A, B, C, D, and E. The inset of (b) shows the fitting of thermal excita-

tion energy through the PL intensity quenching at high temperatures.
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sample E have the lowest bandgap and thus the largest

energy barrier for carrier escape, leading to the smallest red-

shift rate for the PL peak. By fitting the PL intensity at

higher temperatures, the carrier excitation energy (Ea) can be

obtained,25,26 which is estimated to be around 60, 64, 115,

115, and 124 meV for samples A, B, C, D, and E, respec-

tively. It is interesting to observe that although the PL ener-

gies of samples A and B are only slightly smaller than those

of samples C, D, and E, the Ea values of samples A and B

are significantly smaller than those of samples C, D, and E.

This is mainly caused by the dislocated InAsSb islands

observed in samples A and B which can act as non-radiative

recombination centers. The Ea values of sample C, D, and E

suggest that the thermal escape of carriers in sample C, D,

and E at high temperatures is mainly dominated by the bipo-

lar thermal escape process (both electrons and holes) consid-

ering the bandgap of InGaAs (0.82 eV at 77 K) and the PL

energies of InAsSb nanostructures measured. It should be

mentioned that the PL peak energy and PL intensity of sam-

ples C, D, and E present a “S-shape” temperature depend-

ence, as shown in Figure 4.27 This “S-shape” temperature

dependence is mainly caused by the significant thermal

redistribution of localized carriers among the InAsSb islands

in these samples due to the higher island density and thus

smaller distance among the islands in sample C, D, and E

compared with those in samples A and B.

In summary, graded growth is used to realize the control

over the composition, morphology, and physical properties

of semiconductor InAsSb ternary alloy nanostructures. A

higher initial mole fraction of TMSb during the graded

growth can lead to a higher actual average Sb composition in

InAsSb islands. As a result of the composition change, the

InAsSb nanostructures present different morphologies and

optical properties, which will be useful for making devices

with different emission characteristics.
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