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ABSTRACT

GaSb quantum dots (QDs) have been grown
by solid-source molecular beam epitaxy on a 4-
monolayer (ML) In,Ga;_,As (z = 0.07, 0.15, 0.20,
and 0.25) to investigate the effects of In-mole-fraction
of InGaAs insertion layers on the structural and opti-
cal properties of the GaSb QDs. The density of grown
GaSb QDs is approximately 1.2-2.8x10% cm™2 on In-
GaAs insertion layers which depends on the In-mole-
fraction. Dot shape and size change substantially
when In-mole-fraction of InGaAs insertion layers is
varied. The uniformity of GaSb QDs improves when
the indium content increases. The change in free-
standing QD morphology is likely due to the modi-
fied strain at different values of indium compositions
in InGaAs insertion layers. The effects of In-mole-
fraction of InGaAs insertion layer on optical prop-
erties of the QDs are studied by photoluminescence
(PL). PL results show the blueshift of the emission
when the indium content in InGaAs insertion layer
increases.

Keywords: InGaAs Insertion Layers, GaSb Quan-
tum Dots, Molecular-beam Epitaxy System, GaAs,
Stranski-Krastanov

1. INTRODUCTION

Semiconductor quantum dots (QDs) have gained
considerable interests due to their promising prop-
erties for novel device applications in the past few
decades. Many electronic and optoelectronic de-
vices based on IIIV QDs have been realized and in-
vestigated [1-6]. They include single-electron tran-
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sistor, QD laser, light-emitting diode (LED), pho-
todectectors and memory devices. Among these de-
vices, self-assembled In(Ga)As/GaAs QDs grown in
Stranski-Krastanov growth mode are major inves-
tigated. However, spontaneous formation of QDs
on substrate surface allows us to fabricate not only
In(Ga)As/GaAs QDs but also QDs in many different
strained material systems. GaSb/GaAs QDs, which
have a type-II band alignment, might be useful and
more suitable for some applications. For example, the
GaSb/GaAs QDs have been proposed to use in mem-
ory device application. Due to a very large valence
band offset of ~0.6 eV, long storage time (> 107° s) is
expected [5]. Longer storage time might be archived
by using GaSb QDs grown on different materials such
as AlAs.

Challenges in QD technology are related to the
control of spontaneous QD formation process [7]. In
order to utilize QD technology, detail understandings
of natural growth process must be first investigated.
For most of QD applications, these self-assembled
QDs must be capped. The segregation and intermix-
ing effects for each material system e.g. GaSb/GaAs
must be understood. The performance of QD devices
depends on the electronic properties. Probing them
by structural and optical investigations is necessary.

For optoelectronic devices, GaSb/GaAs QDs have
been realized and some unique properties on different
devices, such as wide tunable wavelength for LED
and higher operation temperature for infrared pho-
todetectors due to the large hole confinement and
long carrier lifetime, have been demonstrated [8]. De-
vice performance strongly depends on the QD proper-
ties. It is therefore of interest to investigate structural
properties of obtained QDs under various growth con-
ditions in order to fine-tune them for any specific ap-
plications. Nevertheless, the studies on the structural
and optical properties of GaSb/InGaAs/GaAs QDs
are still lacking.

In the past, there are reports on the growth as
well as structural and optical properties of InAs QDs
grown in InGaAs matrix [9,10]. This structure is
known as dot-ina- well structure. The obtained InAs
QDs have significant different properties. Due to the
increasing number of adjustable parameters, perfor-
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mance of specific devices based on this structure can
be optimized. In this work, we are interested in tun-
ing the GaSb QD properties by adjusting the indium
content of InGaAs layer below GaSb QDs.

In this paper, we present a study on the struc-
tural and optical properties of GaSb/InGaAs type-11
QD material system with In,Ga;_,As insertion lay-
ers with = 0.07, 0.15, 0.20, and 0.25 are introduced.
All samples are fabricated by molecular beam epitaxy
(MBE) and the QD structures are investigated by
atomic force microscope (AFM). The photolumines-
cence (PL) measurements are performed to examine
the optical properties of the samples at 20 K by lock-
in method using a 514.5-nm Ar ion laser as an ex-
citation source and a liquid-nitrogen cooled InGaAs
photodetector.

2. EXPERIMENTS

Samples studied here were grown on (001) GaAs
substrates in a solid-source molecular beam epitaxy
system (Riber Compact 21) equipped with a reflec-
tion high-energy electron diffraction (RHEED) obser-
vation system and an Sb valved cracker cell. Other
cells (Ga, In and As,) are standard effusion cells.
Valved cracker cell is used in this work because a
relatively fast switching time between As-rich and
Sb-rich environment is needed. After the desorption
of surface oxide on GaAs substrate at 580°C under
As4 beam in As-rich condition, a 300-nm thick GaAs
buffer layer was grown at 600°C with the growth
rate of 0.5 monolayer per second (ML/s). During
the growth, RHEED pattern was observed and well-
prepared GaAs buffer layer (flat (001) GaAs surface)
showed a clear (2x4) surface reconstruction. In order
to grow InGaAs insertion layer, the substrate temper-
ature was ramped down to 500°C. After the substrate
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Fig.1: Schematic of the PL setup for optical inves-
tigation of GaSb QD samples.
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Fig.2: Schematic structure of 3-ML GaSb QDs with
4-ML InGaAs insertion layer on undoped (001) GaAs
substrate.

temperature stabilized, 4-ML In,Ga;_,As was
grown. Indium and gallium growth rates were
changed in order to obtain the desired content of
indium in InGaAs layer. For x = 0.07, 0.15, 0.20,
and 0.25, the indium (gallium) rate are 0.025, 0.025,
0.025, and 0.033 (0.33, 0.14, 0.10, and 0.10) ML/s,
respectively. After the 4-ML InGaAs insertion layer
growth, the sample surface was soaked by Sb flux for
60 s. Self-assembled GaSb QDs are obtained by de-
positing 3-ML GaSb at the gallium growth rate of
0.1 ML/s. The V/III flux ratio (Sb/Ga) is kept con-
stant at 4. For optical investigation, the QDs were
capped with a 150-nm-thick GaAs and the 4-ML In-
GaAs insertion layer and GaSb QDs were grown again
on top surface without capping. The top GaSb QDs
are for surface morphology examination. After the
growth, the sample was cooled down immediately.
The surface morphology was characterized by AFM
(Seiko SPA-400) in dynamic force mode in air. For
PL tests, a 514.5-nm Ar-ion laser was used an excita-
tion source, and data were obtained by a monochro-
mator (HORIBA Jobin Yvon, iHR320) and InGaAs
photodetector (Hamamatsu G9494). During the PL
measurement, the sample is cooled down to 20 K by
using a closed circuit helium cryostat. The schematic
of the PL setup is shown in Fig. 2 and the schematic
structure of the investigated samples is displayed in
Fig. 2. For this work, only the indium content of
InGaAs insertion layer is varied.

3. RESULTS AND DISCUSSION

Figure 3 shows AFM images of GaSb QDs on
In,Gay_,As (Figs. 3(a)-(d)) surfaces from the cen-
tral regions of each sample. On the left column,
AFM images with the colorscale corresponding to the
height scale are shown while the same images with the
colorscale corresponding to the slope scale is shown
in the right column. The slope scale is obtained by
calculating the amplitude of the surface gradient, i.e.,
if we define the AFM height data as h(z,y), the im-
age with the colorscale corresponding to the surface
slope is
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Fig.3: (a) - (d) 2x2 pm? AFM images of GaSb

@QDs on 4-ML In, Gay_,As with x = 0.07, 0.15, 0.20,
and 0.25, respectively. Left column shows the images
in height scale and right column shows the images in
slope scale.
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From all AFM images, we can clearly indicate the
GaSb QDs on the surface. Wetting layer surface has
a natural pattern of surface steps aligned along [1-
10] direction. GaSb QDs are typically located on
the steps and well-distributed over the whole sur-
face. This result is consistent with the reports of the
InAs/GaAs QD growth [11].

Distinct surface morphology is observed when In-
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Fig.4: (a) - (d) histograms of QD height and diam-
eter distribution of GaSb QDs on 4 ML In, Ga;_,As
with x = 0.07, 0.15, 0.20, and 0.25, respectively.
Solid lines are Gaussian fits. Average height h and
average diameter d are indicated in the figures.

GaAs layer is introduced. The dot densities are ap-
proximately 1.2-2.8x10° cm~2. QD density substan-
tially decreases and QD size increases when the in-
dium content increases from = = 0.07 (Fig. 3(a)) to
0.25 (Fig. 3(d)). Gradual morphology changes are
still observed. The elongation direction of the base
slightly changes from [110] to [1-10] when InGaAs in-
sertion layer is introduced. This is due to the presence
of different amount of indium in the InGaAs insertion
layer. The uniformity of GaSb QDs improves when
the indium content increases. Increasing more indium
content into InGaAs insertion layer might induce self-
assembled InGaAs QD formation prior to the growth
of GaSb QDs.

From each AFM image of GaSb QDs shown in
Fig. 3, analysis of height and diameter of each free-
standing GaSb QD is performed. QD height is de-
fined as the difference between surface level of QD
apex and its base while the diameter is calculated
from the largest closedloop contour line of individual
QD. Area is converted to QD diameter d by using
circular approximation, i.e.,

= /1A, /x,. (2)

where A, is area of the largest closed-loop contour
line. Height and diameter distribution of GaSb QDs
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Fig.5: (a) a magnified AFM image of single GaSbh
QD grown on 4-ML Ing.asGag754s, (b) facet plot of
the free-standing QD surface and (c) schematic of the
GaSb QD shape grown on InGaAs.

on different InGaAs insertion layers is displayed as
histograms in Fig. 4. All height and diameter data
can well be fitted with Gaussian (normal) distribu-
tion functions. From this result, one can clearly see
that both QD height and diameter increase when the
diameter increase, except only at the indium content
of x = 0.25 where we observe the reduction of di-
ameter. This non-monotonic diameter change might
be due to the excessively high indium content on the
surface. Some indium atoms may diffuse and incor-
porate into the GaSb QDs. The presence of indium
in GaSb increases the mismatch strain and therefore
modifies the QD shape. These observations are due
to the change of initial surface energy, interface en-
ergy as well as the strain energy of the QD system
[12].

Closer look on individual QDs, one can observe dis-
tinct QD shape [13]. For GaSb grown on InGaAs in-
sertion layer, the free-standing QDs have a flat (001)
surface on the top. Figure 5(a) shows a magnified
AFM image under perspective view. The GaSb QD is
grown on Ing 25Gag.75As surface. In order to quantify
the orientation of QD surface, we perform a statistical
analysis of QD surface measured by AFM (Fig. 3).
The surface slopes on QD surface in two dimensions,
i.e., Oh/0z and Oh/Jy) are collected and plotted in
a form of two-dimensional histogram. The result for

the GaSb QDs grown on Ing 25Gag 75 As is shown in
Fig. 5(b). From this result, we see clearly the spot
at the origin. This confirms a flat (001) surface of
QD. Moreover, preferential facetted orientations of
QD surface can also be extracted. They are {10n}
and {11n}, where n is a positive integer. Slightly
misaligned of the indicated dotted lines for {10n} and
{11n} is due to the slightly misalignment of the sam-
ple occurred during the AFM scan.

According to the statistical analysis shown above,
we can draw a schematic of obtained GaSb/InGaAs
QD shape as shown in Fig. 5(c). The QD counsists
of multi-facetted surface with a flat (001) on the top.
This modelled QD shape might be important for fur-
ther analysis of QD, i.e., for developing an overgrowth
model [14] or a comparison with the results from
other measurement techniques such as cross-sectional
scanning tunnelling microscopy [12].

In order to utilize QDs in optoelectronic applica-
tions, QDs must be buried into a matrix. We there-
fore investigate the optical properties of capped GaSh
QDs by using PL spectroscopy. We have interested
in tuning the QD electronic properties by changing
the indium content in InGaAs insertion layer. Both
QD size and shape and PL peak energy are our mea-
sures. Consistency to our results from free-standing
QD array is also observed from the PL measure-
ment of capped samples. The capping process in-
duces shape change and arsenic-intermixing into the
capped QDs. PL reveals the optical characteristics
of capped QDs. Figure 6 shows the PL spectra of
capped GaSb/InGaAs QDs. It clearly shows the dif-
ference in the 20 K PL spectra under In-mole fraction
of InGaAs insertion layer. PL of the capped samples
shows the emission of QD peak at 1.2-1.3 eV. This
corresponds to the emission from bulk GaAs;_,Sb,
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Fig.6: PL measurement of capped GaSb QDs with
4-ML In,Gay_,As insertion layer. Insets show the
10x magnification of the peaks around 1.45 eV.
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with the Sb content of only 11-17% [15]. However,
this is an overestimated intermixing value because the
quantum confinement and complicated band struc-
ture have not been taken into account. More realistic
estimation of the Sb content in capped GaSb QDs
needs more experimental evidence and/or sophisti-
cated calculation techniques.

Concerning the line width of the QD peaks emit-
ted at 1.2-1.3 eV, the line width shows no systematic
change when the indium content of InGaAs insertion
layer is varied. They are in the range of 55-63 meV.
This non-systematic change and un-correlation with
the height and diameter distribution of free-standing
QDs (Fig. 4) might be due to the complication of the
type-II band alignment and the intermixing process
occurred during the capping. Overgrowth process is
a subject for future experimental investigation.

According to the PL result (Fig. 6), the blueshift
of the PL emission is observed when the indium con-
tent in InGaAs insertion layer increases. This is ini-
tially counter-intuitive because higher indium con-
tent should decrease the bandgap of the barrier layer.
However, we can explain the result by the fact that
the indium in the insertion layer does also alter the
growth as well as the strain in the capped QD. The
observed blueshift of PL emission from GaSb QDs is
possibly due to the reduction of strain in the dots.
This has been observed and reported without any
clear explanation in Ref. [16]. This strain reduction
results in the shift of the heavy-hole band and the
quantized hole energy level [15]. Interestingly, rela-
tive PL intensity increases with the increasing indium
content at the same excitation power (40 mW) and
temperature (20 K). This indicates that the confine-
ment of carriers in InGaAs insertion layer can pos-
sibly enhance the PL intensity, which relates to the
carrier recombination in this nanostructure.

The unique characteristic of a type-II band align-
ment is seen when the laser power is varied [17]. As
the density of photo-generated carriers in the dots in-
creases, so does the strength of the Coulomb attrac-
tion to the electrons. Thus, as the excitation density
is increased, the PL peak shifts to higher energy. This
has been observed in GaSb/GaAs QDs. The expected
behaviour is that the emission energy shows the third-
root-of-excitation-intensity dependence [17, 18]. Fig-
ures 7(a) and 7(b) show comparative schematic of
band diagram for type-II GaSb QDs when the car-
rier density is low (Fig. 7(a)) and high (Fig. 7(b)).
Figure 7(c) shows an example of the normalized PL
spectra of GaSb QDs grown on 4-ML Ing o5Gag.75As
insertion layer at 20 K with excitation intensities of
5 and 40 mW. The peaks at A and B are at 1.256
and 1.443 eV, respectively. The peaks at A’ and B’
are 1.28 and 1.448 eV, respectively. The peaks at A
and A’ are attributed to GaSb QD emission because
of the exchange between antimony and arsenic on the
dot surfaces during GaAs overgrowth or smaller
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Fig.7: Schematics of the recombination in type-II
QD nanostructure when carrier density is (a) low and
(b) high. Band bending is due to Coulomb attraction
between photo-generated electrons and holes. (c) The
normalized PL spectra of GaSb QQDs grown on 4-ML
Ing.o5 Gag.75 As insertion layer at 20 K with an exci-
tation intensity of 5 and 40 mW. Slightly blueshift of
both peaks is observed.

effective dot size after overgrowth [19, 20]. Slightly
blueshift of the QD peak is observed when the ex-
citation power increases. This observation is con-
sistent with the theoretical characteristics of type-II
QDs. We attribute the peaks B and B’ at around 1.44
eV, which has been reported to occur in Si (As-site)
with bulk GaAs, to other system-dependent impuri-
ties [21]. In this case (peak B-B’), the blueshift of the
emission energy is also seen with increasing excitation
intensity.

4. CONCLUSION

We have systematically investigated the effects
of In-mole-fraction of InGaAs insertion layers on
the structural and optical properties of the GaSh
QDs grown on (001) GaAs substrate. Self-assembled
growth process is used to realize GaSb QDs. The
density of obtained GaSb QDs on InGaAs insertion
layers is approximately 1.2-2.8x10° cm~2. The uni-
formity of free-standing GaSb QDs is improved when
the indium content increases. Observation of QDs re-
veals some preferential surface orientation of facetted
QD with flat-top (001) surface. The PL peak energy
and intensity can be altered by changing the indium
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composition of the InGaAs insertion layer. This in-
dicates that the electron confinement in InGaAs in-
sertion layer can modify the recombination in this
structure. This work enhances the basic understand-
ing of the structural and optical properties of GaSh
QDs grown on InGaAs surface.
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