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This paper presents a study on the effect of matrix material on the morphology and optical properties
of self-assembled InP-based InAsSb nanostructures. Due to the differences in surface roughness of
the growth front, Injs3Gaj4;As matrix layer induces the formation of short quantum dashes
(QDashes) and elongated quantum dots, while InP and Ings,Al)4gAs matrix layers promote the
formation of long QDashes and quantum wires, respectively. The shape anisotropy of InAsSb
nanostructures on Inj s3Gag 47As, InP, and Ing 5, Al 45As layers is further investigated with polarized
photoluminescence measurements. The InAsSb nanostructures show a luminescence polarization
degree of 8.5%, 14.3%, and 29% for Inys3Gag4;As, InP, and Ings,Alp4gAs matrixes, which
corresponds well with the shape anisotropy observed with atomic force microscope. Furthermore,
InAsSb/Ing 53Gag 47As nanostructures also show the longest, thermally stable emission wavelength,
which serves as a promising material system for fabricating midinfrared emitters. © 2009 American

Institute of Physics. [doi:10.1063/1.3246165]

Recently, much effort has been devoted to InP-based
InAsSb nanostructures'™ due to their promising applications
in midinfrared 2-3 um emitters,(’*8 which have a wide
range of applications in military, telecommunication, mo-
lecular spectroscopy, biomedical surgery, environmental pro-
tection and manufacturing industry applications. As reported
in previous work, the incorporation of antimony (Sb) into
InAs quantum dots (QDs) causes dramatic change to island
morphology, leading to the formation of high density of flat
InAsSb quantum dashes (QDashes).>>!° This is mainly in-
duced by the surfactant effect of Sb atoms and the large
lattice mismatch between InAsSb and InP. As indicated by
previous work on InP-based InAs QDs, the type of buffer
layer has a significant influence on the morphology and
physical properties of the self-assembled nanostructures.' !>
In this work, the effect of buffer material (Inj 53Ga 47As, InP,
and Ing 5,Aly 43As) on the morphology and optical properties
of InAsSb nanostructures is investigated. Inj s3Gag 47As layer
prefers to induce the formation of InAsSb elongated QDs
and short dashes, while InP and Ing5,Alj43As promote the
formation of long InAsSb dashes and quantum wires
(QWRs), respectively. InAsSb/In, 53Gag 47As nanostructures
are also shown to be favorable for achieving long emission
wavelength with good thermal stability.

The samples were grown on semi-insulating InP (001)
substrates in a horizontal flow metal-organic chemical vapor
deposition reactor (Aixtron, AIX 200/4) at a pressure of
180 mbar. Trimethylindium (TMIn), trimethylgallium, trim-
ethylaluminum, trimethylantimony (TMSb), PH;, and AsH;
were used as precursors and ultrahigh purity H, as the carrier
gas. The InAsSb/Ing53Gag4;As nanostructure sample was
grown with the following layer sequence: first, a 100 nm InP
layer was deposited at 650 °C followed by a 100 nm
Ing 53Gag 47As also at 650 °C as the buffer layer. Growth was
then interrupted and the growth temperature was dropped to
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520 °C to grow 4 ML InAsSb. The InAsSb were immedi-
ately capped with 5 nm Ing53Gag4;As at 520 °C. Growth
was then interrupted and temperature ramped up to 650 °C
for the deposition of 100 nm Ing 53Gag 47As layer. The same
steps were followed to grow a top/surface layer of InAsSb
nanostructures for atomic force microscopy (AFM) measure-
ments. The same procedure was used to grow InAsSb/InP
and InAsSb/Ing 5,Al 4gAs nanostructures except the differ-
ence in the use of GaAs interlayer and the growth tempera-
ture of Ings5,Aly4sgAs layers. For InAsSb/InP nanostructure
sample, after the deposition of 100 nm InP buffer layer a
0.6 nm GaAs interlayer was grown at 650 °C to
minimize As-P exchange and smoothen growth front.'>!*
As for InAsSb/Ings,Alj4gAs nanostructure sample, the
Iny5,Aly 4gAs buffer and cap layers were deposited at
680 °C. A 0.6 nm GaAs interlayer was also deposited at
680 °C to smoothen growth front after the deposition of
Ing 5,Alj 4gAs layers. During the growth of InAsSb both the
TMSb and AsHj; sources were introduced simultaneously
with the TMIn precursor. The morphology of top InAsSb
nanostructures was characterized by using AFM in tapping
mode. The photoluminescence (PL) characteristics of the
samples were carried out under excitation by the 637 nm line
of a coherent radius laser. The luminescence signal was col-
lected by a liquid nitrogen-cooled extended InGaAs photo-
detector through a 0.5 m monochromator.

Figures 1(a)-1(c) show the typical AFM images of
InAsSb  nanostructures on Inys3GagsAs, InP, and
Iny 5,Alj 43As buffer layers, respectively. It is observed that
the morphology of InAsSb nanostructures is quite different
depending on the buffer material. InAsSb elongated QDs or
short QDashes are formed on Injs3Gaj4;As layer, while
InAsSb long QDashes and QWRs are obtained on InP and
Ing 5,Aly 4gAs layers, respectively. The elongated QDs,
QDashes, and QWRs are all aligned along the [1-10] direc-
tion, which is the typical behavior of self-assembled InAsSb
nanostructures. This can be ascribed to the larger migration
length of In adatoms along the [1-10] direction induced by
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FIG. 1. (Color online) Typical AFM images of InAsSb nanostructures on
Ing 53Gag 47As (a), InP (b), and Inj 5,Alj43As (c) matrixes.

surface anisotropy. The InAsSb/Ings3GagssAs QDashes
have an average height of 1.4 nm, width (along the [110]
direction) of 23 nm, and length (along the [1-10] direction)
of 70 nm, while the InAsSb/InP QDashes show an average
height of 1.7 nm, width of 25 nm, and length of 105 nm. As
for InAsSb/In,s,Al) 45As QWRs, their average height and
width are around 1.8 and 24 nm, while their average length is
about 200 nm. Despite the large difference in their lengths,
the InAsSb islands formed on different buffer layers exhibit
similar height and width. This is mainly caused by the sur-
factant effect of Sb atoms, the details of which have been
described in Ref. 5. The difference in InAsSb lengths can
mainly be attributed to the difference in surface roughness or
surface anisotropy of growth front on In, 53Gag 47As, InP and
Ing 5,Alj 4gAs layers. As shown by previous studies on InAs/
InAlAs nanostructures,>' the phase separation effect in
InAlAs alloy is quite significant, and could lead to wirelike
In-rich and Al-rich regions (aligned along the [1-10] direc-
tion) on InAlAs surface. The wirelike In-rich regions may
provide preferential nucleation sites for the newly deposited
In adatoms due to the small misfit strain energy though a
0.6 nm GaAs smoothening layer is used, leading to the for-
mation of InAsSb QWRs. As for InGaAs matrix, the phase
separation effect in InGaAs alloy is quite weak and no In-
rich regions are formed, resulting in the formation of short
InAsSb QDashes or elongated QDs.l7 The formation of long
InAsSb/InP QDashes could also be associated with the sig-
nificant surface anisotropy of InP buffer layer induced by
(2X4) reconstruction, as suggested by previous work on
InAs/InP nanostructures.'®!” Though a 0.6 nm GaAs inter-
layer is used to minimize the As-P exchange and smoothen
the growth front, the surface anisotropy of growth front may
still be obvious and leads to the formation of long InAsSb
QDashes.13’14

The shape anisotropy of InAsSb islands grown on
Ing 53Gag 47As, InP, and Ing 5,Al 4gAs matrixes is also studied
by polarized PL (PPL) measurements. Figures 2(a)-2(c)
show the polarized PL spectra and linear polarization
degrees of the three samples at 77 K. Obviously,
InAsSb/Ing 53Gag 47As nanostructures have the longest emis-
sion wavelength (~1.77 um at 77 K) compared with
InAsSb/InP and InAsSb/Ing 5, Aly 4gAs nanostructures, which
is mainly caused by the lower confinement barrier of the
Ing 53Gag 47As layers. As shown in Fig. 2, the linear PL po-
larization anisotropy of InAsSb nanostructures is different
depending on the buffer material. The degree of linear polar-
ization (P) is defined by p=(f,—1,)/(I;+1,), where (I ) is
the intensity of the luminescence polarizing along the [1-10]
([110]) direction.”® The P values of the InAsSb islands are
around 8.5%, 14.3%, and 29% for Injs3Gay47As, InP, and

Appl. Phys. Lett. 95, 143124 (2009)

— —[1-10]418 ©
5 of 77K ——[1101- S
3 [1101| &
~ | E 8
%.. [ 12 o
cC 4 1 2
L L {1 ©
e [ 6 o
- |l ®
o 0 3
PR R R N [\ 5
0.64 0.68 0.72 076 Q@
@) PL energy (eV) =
9
60 F T T ] o=
~ 77K — 1101154 @
g [ ---[110] { 5
& & — 0}
§40 i 1 162
i 1 2o
£20f 18 .E
2 | 13
il 1 Qo
0 ....|....|....|...._Oa
(by 070 075 08 08 090 2
PL energy (eV) 3
—~ 77 —[1-10]1 @
5 32 |- 440 2
=0 ---1101 1% 5
~ [0
> - 4 ©
B [ 1. S
3 1er 20%
c T 1 N
2 | ] 2
o il
(o
0_.1...1....1...1....0§
(c) 08 08 090 095 1.00 o
PL energy (eV) |

FIG. 2. (Color online) 77 K polarized PL spectra and linear PL polarization
degrees of InAsSb/Ings3GagsAs (a), InAsSb/InP (b), and InAsSb/
Iny 5,Alj 45As (c) nanostructures.

Ing 5,Al 43As buffer layers, respectively, at their PL peak po-
sitions. These values are independent of the incident light
polarization. Principally, the linear PL polarization aniso-
tropy is mainly determined by the shape anisotropy of
InAsSb nanostructures though strain may also play a role.
The larger the shape anisotropy of InAsSb nanostructures,
the larger the degree of linear polarization. The P values
obtained for InAsSb nanostructures on Ings3Gag47As, InP,
and Ing 5»Aly43As buffer layers are consistent well with the
shape anisotropy of InAsSb nanostructures observed with
AFM measurements.

To further investigate the effect of buffer material on
their optical properties, temperature dependent PL measure-
ments are performed on the InAsSb nanostructures. Figure
3(a) shows the temperature dependence of PL energy of
the InAsSb nanostructures on Ings3GagysAs, InP and
Ing 5,Al 43As buffer layers. For comparison, the Varshini law
of bulk InAsSb band-gap energy with temperature is also
plotted in Fig. 3(a).”' It is observed that the rates of red-shift
of the PL peaks of InAsSb/InP and InAsSb/Ings,Alj45As
nanostructures are slightly faster than that of Varshini law,
which is the typical temperature behavior of QDs and
QWRs, and can be mainly attributed to carrier redistribution
among nanostructures with different sizes. In the temperature
range of 13-300 K, the energy shifts are around 44 and
51 meV for InAsSb/InP and InAsSb/Ings,Alj43As nano-
structures, respectively, which are much less than the re-
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FIG. 3. (Color online) Temperature dependence of PL peak energy (a) and
integrated PL intensity (b) of InAsSb nanostructures embedded in
Ing 53Gag 47As, InP, and Ings5,Alp43As matrixes. Please note that the inte-
grated PL intensity of InAsSb/In, 53Ga;4;As nanostructures has been mul-
tiplied by seven for easy comparison.

ported value of 60~ 80 meV for InAs/InP QDs.20 This indi-
cates a more homogeneous size distribution of InAsSb
nanostructures compared with the InAs/InP QDs. As for
InAsSb/Ing 53Gag 47As nanostructures it is noted that below
90 K, the PL energy is essentially unchanged. When the tem-
perature is increased further, the PL peak starts to shift to
lower energy side, but the redshift rate is slower than that of
Varshni law. Though the reason for this unusual temperature
behavior of PL peak energy of InAsSb/In;s3Gag47As nano-
structures is not well understood yet, it does demonstrate
their great potential for making emitters with good thermal
stability.

The integrated PL intensity (/p;) of the InAsSb nano-
structures versus temperature is shown in Fig. 3(b). The I,
starts to drop quickly when the temperature increases over
80, 30, and 50 K for InAsSb/Ings3Gag4;As, InAsSb/InP,
and InAsSb/Ings,Aly4gAs nanostructures, respectively. It
drops to 0.2% (6.7%, 27%) of its value at 13 K when the
temperature increases to 210 K (300 K, 300 K) for
InAsSb nanostructures on Ing 53Gag 47As (InP, Ing 5,Aly 43AS)
buffer layer. The strong quenching of PL intensity of
InAsSb/Ing 53Gag 47As nanostructures can be mainly attrib-
uted to the high thermal escape rate of the carriers caused
by the lower confinement barrier of Ing53;Gag4;As layers.
By using an Arrhenius plot with dual activation energies to
fit the Ip; at high temperatulres,22 the thermal activation
energy (E,) values are determined to be 95, 66 and
43 meV for the InAsSb/Ings;Gag4;As, InAsSb/InP and
InAsSb/Ing 5,Al 4gAs nanostructures, respectively. Consid-
ering the PL energy of InAsSb nanostructures, the band gap
of Injs3Gaj47As matrix, and the band offset between the
conduction and valence bands,”** the Iy, quenching of
InAsSb/Ing 53Gag 47As nanostructures at high temperatures
can be considered to be dominated by thermal escape of the
carriers. Principally, InAsSb/InP and InAsSb/Ings,Alj43As
nanostructures have larger thermal activation energies due
to their higher confinement barriers compared with
InAsSb/Ing 53Gag 47As nanostructures. The smaller E), values
indicate that the PL intensity quenching of InAsSb/InP and
InAsSb/Ing 5,Al 4gAs nanostructures at high temperature is
associated with not only the thermal escape of the carriers to
barriers but also other reasons such as defects. The existence
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of defects in the InAsSb/InP and InAsSb/InAlAs samples is
quite possible due to the rough growth front on InP and
Inj 5,Al43As layer. As shown in Fig. 1(c), the surface of
InAsSb/Ing 5,Aly43As sample is very rough, which might
lead to the formation of defects.

In conclusion, the effect of matrix materials
(Ing 53Gag 47As, InP, and Ings,Alg4sAs) on the morphology
and optical properties of InAsSb nanostructures has been in-
vestigated. The Ings53Gag47As matrix prefers to induce the
formation of elongated InAsSb QDs and short QDashes with
long emission wavelength, while InP and Ing 5,Al 4gAs ma-
trixes prefer to induce the formation of InAsSb long
QDashes and QWRs with shorter emission wavelength.
The emission wavelength of InAsSb/Injs3Gag4;As nano-
structures also shows good thermal stability. Therefore,
InAsSb/Ing 53Gag 47As system provides a promising path to
achieve InAsSb QD emitters in the 2—3 um region if some
high energy confinement barriers are used to further enhance
their temperature characteristics.
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