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ABSTRACT 

 The effects of GaAs anti-phase domains (APDs) on the growth of GaSb quantum dots 
(QDs) are investigated by molecular beam epitaxial growth of GaAs on Ge (001) substrate. Ge is 
a group-IV element and GaAs is a polar III-V compound semiconductor. Due to polar/non polar 
interface, GaAs APDs are formed. Initial formation of APD relates to a non-uniform growth of 
high index GaAs surfaces. However, due to high sticking coefficient of Sb atoms at low substrate 
growth temperature, GaSb QDs can be formed on the whole surface of the sample without any 
effects from APD boundary. The buffer layer growth temperature is one of the key roles to 
control the APDs formation. Therefore we tried to adjust the optimum conditions such as buffer 
layer thickness and growth temperature to get nearly flat sample surface with large APDs for 
high QDs density (~ 8×109 dots/cm2). Low-temperature photoluminescence is conducted and 
GaSb QDs peak is observed at the energy range of 1.0 eV-1.3 eV. 

INTRODUCTION 

GaSb/GaAs quantum dot (QD) has the staggered type-II band alignment, which is 
attractive in many aspects. In staggered type-II band alignment, the conduction band and valence 
band of GaSb QDs have higher energy level than those of the GaAs matrix. Therefore 
excited/injected electrons will locate in GaAs matrix around GaSb QDs by Coulomb attraction 
and holes will be confined in GaSb QDs. The electron and hole wave-functions are spatial 
separated and give a long carrier lifetime, which might be useful for memory devices and high-
operating-temperature infrared photodetectors [1-3].  High density type II GaSb/GaAs QDs are 
also promising nanostructure for intermediate band solar cells and IR detectors [4, 5].  
Combination of this type II GaSb/GaAs and Ge can give extended spectral responses of the 
devices. The band gap properties of GaAs and Ge, i.e., direct/indirect and wide/narrow 
bandgaps, are applicable for many optoelectronic devices. Small lattice mismatch between GaAs 
buffer layer and Ge substrate, which is only 0.1%, allows us to realize defect-free 
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heterostructure. However, growing of polar semiconductor (GaAs) on non-polar semiconductor 
(Ge) creates anti-phase domains (APDs). APD boundary is considered as defects which are 
undesirable for device performance.  It is curious to investigate the effect of APDs on physical, 
electrical and optical properties of GaSb/GaAs nanostructure on Ge.  

In this research, two samples (S2, S3); one (S2) with 1.4 monolayer (ML)-one layer of 
GaSb/GaAs QDs layer and another (S3) with 2 & 3 ML-two layers of QDs are grown on Ge 
(001) substrate for comparison by solid-source molecular beam epitaxy (MBE). QDs are self-
assembled by Stranski-Krastanov mode due to 7% lattice mismatch between GaSb and GaAs 
[6].It is also found that GaAs APDs do not affect significantly on position of GaSb/GaAs QDs 
when the GaAs buffer layer is thick enough. However, the QDs formation depends on dots 
growth temperature. The noticeable research highlight is to describe the reliable results of 
growing the GaSb/GaAs QDs on conventional (001) Ge substrate although misoriented Ge 
substrate such as 6º miscut Ge substrate can be used to supress APDs formation [7, 8].  
 

EXPERIMENTAL PROCEDURE 

 GaSb/GaAs QDs were grown on Ge (001) substrate by using MBE Compact 21 with Sb 
valved cracker. The elemental sources of Sb, Ga and As were used for growth procedure. At first 
Ge (001) substrates were preheated in preheating chamber to remove the surface contaminations. 
Before growth, Ge substrate was deoxidized by increasing the annealing temperature up to 540ºC 
in As4 atmosphere. We investigated the deoxidizing temperature of substrate by checking 
reflection high-electron energy diffraction (RHEED) pattern. For all three samples (S1, S2 & 
S3), although deoxidizing temperatures for Ge substrates were slightly different, the average 
deoxidizing temperature is ~500ºC. The V/III flux ratio for GaAs buffer layer was adjusted to 13 
for growth rate ~ 0.5 ML/s and ratio 4 for GaSb QDs growth to get growth rate ~ 0.14 ML/s for 
all samples. For the sample (S1), only GaAs buffer layer of about 50 nm was grown at 
deoxidizing temperature ~515ºC to study APDs formation on Ge substrate. In the second (S2) 
and the third (S3) samples, GaSb/GaAs QDs were grown by changing the GaAs buffer layer 
thickness, buffer growth temperature and QDs growth temperature to compare the QDs 
formation.  
 For the second (S2) sample, 600-nm-thick GaAs buffer layer was grown in two steps 
(two layers; 300 nm each) separately prior to the GaSb QDs. First 300-nm buffer layer was 
grown at the substrate deoxidizing temperature (515ºC). Second 300-nm layer was grown at 
550ºC. After buffer layer growth, substrate temperature was ramped down to QDs growth 
temperature (450ºC) and ramped down the As cell temperature to 100ºC to reduce the 
background pressure to below 5x10-9 torr for sure to grow next step GaSb QDs layer. Arsenic 
cell shutter was closed when the cell temperature reached 200ºC. After arriving the QDs growth 
background pressure, 1.4 ML GaSb QDs were grown with V/III flux ratio 4 at growth 
temperature 450ºC which is ~100ºC lower than the second GaAs buffer layer growth temperature 
for cooling down the substrate temperature to grow QDs. 
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 For the third sample (S3), we changed the buffer layer growth temperature to 500ºC for 
both steps (250-250 nm) because the substrate deoxidization happened at ~500ºC in this time, 
and the (2×2)-to-c(4×4) RHEED transition temperature was 457ºC  respectively. This time 3ML 
QDs were grown initially at 407ºC which is 50ºC less than transition temperature while QDs in 
second sample (S2) was grown at transition temperature. Then GaAs cap layer was grown in two 
steps at 357ºC and 407ºC respectively for PL measurement, and 2ML QDs were proceeded at 
407ºC for AFM analysis. We have done QDs growth at different temperatures to study the 
changing of QDs formation depends on temperature and buffer layers growth at different 
thickness in a little different of temperatures to investigate the APDs formation on Ge substrate. 
 The surface morphology such as APDs formation and GaSb/GaAs QDs nanostructure of 
the samples were characterized by atomic force microscopy (AFM Seiko SPA-400) in dynamic 
force mode. For PL study, 514.5-nm line Ar+ laser is used for photo excitation.  The power is 
varied from 40 mW to 200 mW and the measurement is performed at 20 K and 30 K.  
 
RESULTS AND DISCUSSION 
 
 Figure 1(a) shows the 5×5 m2 AFM image of GaAs APDs formed on Ge (001) substrate 
(S1) with schematic diagram. Upper right image is the AFM image shown with surface slope 
scale. For 50 nm thick GaAs buffer layer, the size of APD is a quite small and the rough surface 
is formed. Figure 1(b) is the 3×3 m2 AFM image of GaSb/GaAs QDs (S2). At high QDs growth 
temperature (450ºC), QDs formed on only APD boundary (APB) and the dots density is low.  
When the QDs growth temperature is decreased to 407ºC, GaSb/GaAs QDs form on APDs and 
APBs (S3) with increasing dots density which is shown in figure 1(c). In all figures, their 
respective AFM images by surface slope scale and schematic diagrams are illustrated. Figure 
1(a) was shown in large area for seeing clearly the nature of APDs in 50 nm thick buffer layer 
growth. In 3×3 m2 area of figure 1(b), we can investigate well both of APDs formation and 
QDs formation, and we maximized to 2×2 m2 for figure 1(c) to analyse the QDs formation in 
APDs and on APBs. 
 The surface orientation mapping, which is so-called facet-plot was analysed to quantify 
the QDs formulated on respective growth conditions, and also GaAs buffer layer growth [9]. 
Figure 2(a-c) shows the facet diagrams of three samples. GaAs crystallographic structure of 
GaAs buffer layer (S1) is shown in figure 2(a). Figure 2 (b & c) show the facet plots of 
GaSb/GaAs QDs on APBs (S2) and on both APBs and APDs (S3) respectively. When QDs were 
formed in high density, dots faceted plot showed the round base shape.  
 low QDs growth temperature was shown 
in figure 3. At high QDs growth temperature, the dots density is ~ 9×108 dots/cm2 and at low 
temperature, the dots density is ~8×109dots/cm2. 
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Figure 1.(a) 5×5 m2 AFM image of GaAs APDs, (b) 3×3 m2 AFM image of GaSb/GaAs QDs 
(1.4 ML) and (c) 2×2 m2 AFM image of GaSb/GaAs QDs (2 ML) on top formation on Ge (001) 
substrate with schematic diagrams. Upper right images are the AFM images with surface slope 
scale.          

 

Figure 2. Facet plots of (a) GaAs crystallographic structure of GaAs buffer layer on Ge substrate 
(S1), (b) Low density GaSb/GaAs QDs formed on APBs at high QDs growth temperature (S2) 
and (c) high density GaSb/GaAs QDs formed on APDs and APBs at low QDs growth 
temperature (S3). 

Figure 3.The dots height versus diameter for the low growth temperature grown QDs (S3). 
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At low QDs growth temperature (S3), high density QDs can be formed. Therefore, PL 
measurement was done by power dependence (40 mW to 200 mW) and temperature dependence 
at 20 K & 30 K as shown in figure 4 (a & b). In comparison of QDs peak position between 20 K 
and 30 K at 200 mW, the emission energy of QDs at 30 K shifts to lower energy (longer 
wavelength) and intensity is lower than that of 20 K. However, the intensity of QDs is getting 
higher than the GaAs layer starting from excitation power 144 mW and ahead.       

 

Figure 4. PL spectra obtained from GaSb/GaAs QDs in power dependence (40 mW to 200 mW) 
(a) at 20 K, (b) 30 K and (c) PL spectra of GaSb/GaAs QDs in temperature dependence (20 K & 
30 K) at 200 mW for S3. 

CONCLUSIONS 

 We fabricated three samples: one (S1) for investigation of APDs formation on Ge (001) 
substrate by growing of 50 nm thick GaAs buffer layer, other two samples (S2 & S3) for 
comparison of GaSb/GaAs QDs formation on APDs and APBs by changing the buffer layer 
thickness and QDs growth temperature. Low density QDs (9×108 dots/cm2) are formed on APBs 
at high QDs growth temperature (450ºC) while high density QDs (8×109 dots/cm2) are formed at 
low temperature (407ºC). The shape of QD at high density is almost round base shape and facet 
of the dots cannot be seen. From the PL measurement of S3, the emission peaks of QDs are wide 
from 1 eV to1.3 eV. PL peak energy redshifts when temperature is increased. 
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