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A B S T R A C T   

In this work we report the growth of the InAs/InAsSb type-II superlattice (T2SL) onto Si substrates via the use of a 
GaSb/GaAs/Si buffer layer structure all grown by MOCVD. Transmission electron microscopy (TEM) was used to 
show the effectiveness of the buffer layer structure in reducing threading dislocation density and to verify the 
formation of an interfacial misfit dislocation array between the GaSb and GaAs layers. Electron channelling 
contrast imaging was used to measure a threading dislocation density of 6.73 × 108/cm2 at the surface of the 
T2SL. TEM and X-ray diffraction show that the T2SL itself was grown to a high quality considering the large 
mismatch of the heteroepitaxy. Fourier transform infrared spectroscopy was used to measure the photo-
luminescence performance of the T2SL which was found to have a FWHM of 50 meV at a peak wavelength of 4.5 
µm at 77 K. These results are a step forward towards integration of full InAs/InAsSb T2SL device structures onto 
Si substrates via MOCVD.   

1. Introduction 

Infrared devices play an important role in cutting edge applications 
including gas detection [1], biomedical sensing [2], thermal imaging 
and 3D sensing [3]. Antimony (Sb) based type-II superlattice (T2SL) 
materials are a strong candidate for next generation infrared technolo-
gies and are now considered as a viable alternative to the state of the art 
mercury cadmium telluride (MCT) [4]. The Type-II band alignment of 
the T2SL gives the material system its flexible band gap engineering 
capability, allowing for widely tuneable wavelength. The T2SL structure 
is also responsible for the suppression of band-to-band tunnelling, Auger 
recombination and Shockley-Read-Hall recombination which make up a 
large proportion of the dark current in MCT [5]. The last big advantage 
of the T2SL when compared to MCT is in its growth uniformity. The 
ability to utilise standard III/V growth techniques such as molecular 
beam epitaxy (MBE) and metal–organic chemical vapor deposition 
(MOCVD) to grow material with good uniformity is a big advantage for 
the T2SL when compared to MCT. 

There are two main candidates for the Sb based T2SL, the InAs/GaSb 
T2SL and the InAs/InAsSb T2SL. Historically the focus has been around 
the InAs/GaSb T2SL due to its larger optical absorption and larger 
wavelength range [6]. However, more recently the Ga-free InAs/InAsSb 

T2SL has emerged as a promising new candidate due to its longer mi-
nority carrier lifetime [7] and higher defect tolerance [8], particularly in 
the mid-wave infrared region. 

To date, MBE has been the prevailing technique for growing Sb- 
containing structures [9–11]. However, the commercial exploitation 
potential using MOCVD is highly attractive if material and device per-
formance can be improved to close the gap with MBE results [12]. 
Conventionally, MOCVD growth of InAs/GaSb T2SLs is largely hindered 
by the volatility of antimonides used for strain balancing at the typical 
growth temperatures [13]. This challenge is circumvented in Ga-free 
structures as they do not require extra interfacial strain balancing 
layers. High quality InAs/InAsSb T2SLs can now be grown on GaSb 
substrates with increasingly comparable dark current densities and 
detectivities to those grown via MBE [12,14]. 

Early studies of InAs/InAsSb T2SL indicate a higher level of defect 
tolerance compared to bulk materials due to the defect energy levels 
existing above the conduction band [8]. This makes InAs/InAsSb T2SL a 
promising candidate for integration on silicon (Si). Si substrates are 
considerably larger, cheaper and less brittle than GaSb substrates which 
provides clear economic benefits if the challenges associated with the 
large 12% lattice mismatch can be overcome. Additionally, unlike GaSb, 
Si is transparent in the Mid-IR [15]. Direct growth of T2SL on Si may 
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provide a major advantage in the manufacturing of focal plane array 
detectors which are normally backside illuminated and therefore require 
a substrate removal step due to the absorption from the GaSb substrate 
[16]. Recent MBE growth of InAs/InAsSb T2SLs on Si substrates has 
been demonstrated via the use of AlSb islands at the Si-GaSb interface 
[17]. However, it is very difficult to grow AlSb via standard MOCVD 
techniques and up until now, MOCVD growth of defect-tolerant InAs/ 
InAsSb T2SLs on silicon has not been demonstrated. In this paper we 
report MOCVD growth of Mid-IR InAs/InAsSb T2SLs on Si substrates via 
the use of a GaSb/GaAs/Si buffer layer structure as shown in Fig. 1. This 
growth is the first step towards the integration of T2SL based mid-IR 
detectors on Si substrates grown entirely by MOCVD, which would 
provide a cost-effective manufacturing route for mid-IR detectors. The 
T2SL that was grown on Si showed good photoluminescence (PL) 
characteristics similar to MBE equivalents grown on GaSb [18,19], with 
a FWHM of 50 meV at a peak wavelength of 4.5 µm at 77 K. The buffer 
layer structure was shown to be effective in reducing threading dislo-
cation density (TDD), resulting in a TDD of 6.7 × 108/cm2 at the surface 
of the T2SL. 

2. Experiments 

The MOCVD growth was performed in an Aixtron Closed Couple 
Showerhead MOCVD Reactor. The precursors used were triethylgallium 

(TEGa), tertiarybutylarsine (TBAs), trimethylindium (TMIn) and trie-
thylantimony (TESb) with hydrogen used as the carrier gas. The reactor 
pressure was 100 mbar. The (001) Si substrates used had a 0.8◦ offcut 
and were annealed at 815 ◦C for 15 min prior to GaAs nucleation to 
promote a diatomic-stepped surface to prevent antiphase domain for-
mation caused by the polar/non-polar interface [20,21]. After the 
annealing, GaAs was grown using a two-step growth method comprising 
of a low temperature nucleation layer at 375 ◦C and a higher tempera-
ture growth at 550 ◦C. The V/III ratio of the GaAs was 21. A 10 period 
In0.1Ga0.9As/GaAs strained layer superlattice (SLS) was grown in the 
GaAs layer to act as a dislocation filtering layer (DFL). This was followed 
by the growth of GaSb onto the GaAs, where an interfacial misfit 
dislocation array (IMF) was formed, helping overcome the 7.8% lattice 
mismatch between GaAs and GaSb. To promote the formation of the 90◦

dislocations and to minimise the formation of the 60◦ dislocations [22], 
starting with a flat and Ga-rich surface of GaAs is critical. This was done 
by adding an As-desorption step where the TBAs was switched off and 
the sample was held at 520 ◦C for 40 s [20,23]. After that, an Sb soaking 
step was used where the TESb precursor was introduced into the reactor 
for 30 s to form a monolayer of GaSb. Then the TEGa flow was reopened 
and 500 nm of GaSb was grown. The V/III ratio of the GaSb was 1.5. The 
IMF was inspected via high-resolution transmission electron microscopy 
(TEM) which will be discussed shortly. Once the buffer layer was grown, 
the final step was to grow the InAs/InAsSb T2SL. This was done at 460 
◦C by modulating TESb gas flow whilst keeping TBAs and TMIn flowing. 
TESb flow was switched on for 10 s and then turned off for 23 s, which 
was repeated 50 times to create a 50 period T2SL. The V/III ratio was 10 
for InAs and 15 for InAsSb with an TBAs:TESb flow ratio of 0.7:0.3. 

3. Results and discussion 

X-ray diffraction (XRD) analysis was performed on the sample to 
confirm its layer composition and to gain insights into its structure, 
shown in Fig. 2. From the XRD fitting, the GaSb was found to be 101% 
relaxed and the GaAs 104% relaxed implying there was a small in-plane 
tensile strain. This over relaxation was attributed to the mismatch of 
thermal expansion coefficients. While the sample was cooling down 
from growth temperature to room temperature, the lattice of GaAs and 
GaSb shrunk faster than Si, producing this residual tensile stress. The 
thicknesses of the T2SL layers were found to be 14 ML for the InAs layer 
and 6 ML for the InAsSb layer. The composition of the grown InAsSb was 
found to be InAs0.75Sb0.25. 

Cross-sectional transmission electron microscopy (TEM) was used to 
examine the buffer layer structure and to investigate the IMF. The TEM 
results show a clear reduction of TDD from the Si/GaAs interface up to 

Fig. 1. Schematic diagram of the InAs/InAsSb type-II superlattice grown on 
(001) Si substrate using the GaSb/GaAs/Si buffer layer structure. 

Fig. 2. Experimental and simulated XRD data of the InAs/InAsSb T2SL integrated onto a Si substrate. The thicknesses of the T2SL layers were found to be 14 ML for 
the InAs layer and 6 ML for the InAsSb layer. The composition of the grown InAsSb was found to be InAs0.75Sb0.25. 
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the T2SL as can be seen in Fig. 3a. Fig. 3a also shows clear examples of 
the SLS bending the threading dislocations parallel to the SLS which 
prevents them from traveling up into the T2SL. The T2SL itself was then 
directly investigated via TEM as shown in Fig. 3b, with clear distinct 
layers observed. The GaSb/GaAs hetero-interface and the formation of 
the IMF was confirmed in Fig. 3c. The spacing of the misfits was found to 
be 5.6 nm which indicates one misfit for every 14 GaAs or 13 GaSb 
lattice sites, in good agreement with previously reported results [22]. 
Higher resolution TEM was then used to verify the nature of the IMF as 
can be seen in Fig. 3d. Burgers circuit analysis [24] was performed on 66 
different misfit dislocations across the IMF, 34 of which were identified 
as 90◦ dislocations and 32 of which 60◦ dislocations. The same analysis 
was performed on a sample of GaSb grown directly on GaAs substrate 
and the IMF of that sample was found to be over 70% 90◦ dislocations. 

This difference is attributed to the higher surface roughness and dislo-
cation density of the GaAs on Si in comparison to the native GaAs sub-
strate. Further optimisation of the 2-step GaAs buffer and the 
In0.1Ga0.9As/GaAs DFL could have a knock-on improvement of the 
GaSb/GaAs interface of our buffer layer structure. 

To quantify threading dislocation densities, electron channelling 
contrast imaging (ECCI) was performed on both the GaSb buffer layer 
and the complete T2SL structure on Si, as seen in Fig. 4. A total surface 
area of 120 µm2 was analysed and an average threading dislocation 
density of 6.7 × 108/cm2 was found at the surface of the T2SL. This TDD 
is higher than the current state of the art MBE result (4 × 107/cm2), 
however, further reduction of dislocation density by implementing DFLs 
within the GaSb layer [17] is possible. The surface roughness was ana-
lysed using AFM with scan areas of 5 × 5 µm2. The root-mean-square 

Fig. 3. Cross-sectional TEM image of (a) the whole structure showing a reduction in dislocation density from the GaAs/Si to the T2SL. (b) The T2SL showing distinct 
stripes indicative of high quality T2SL growth. (c) The GaSb/GaAs interface clearly showing the formation of the IMF. (d) High-resolution TEM image of the misfit 
dislocations showing both an example of a 90◦ (blue) and 60◦ (orange) misfit dislocation and the burgers circuit used to identify them. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Electron channelling contrast image of the (a) GaSb surface before T2SL growth with a TDD of 8.4 × 108/cm2 and (b) the final T2SL surface with a TDD of 6.7 
× 108/cm2. 
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roughness of the top of the GaSb buffer and the T2SL was found to be 5.8 
nm and 7 nm, respectively. 

Fourier transform infrared (FTIR) spectroscopy was used to charac-
terise the photoluminescence performance of the T2SL from 77 K to 300 
K as shown in Fig. 5a. A 671 nm Diode-Pumped Solid State (DPSS) laser 
was used to pump the sample to acquire PL. The T2SL exhibited strong 
PL characteristics with a FWHM of 50 meV at a peak wavelength of 4.5 
µm at 77 K. The FWHM was higher than the best values (26 meV) re-
ported from MBE grown T2SL structures on GaSb [25], which is 
attributed to the higher dislocation density from GaSb buffers on Si. A 
temperature dependant redshift of − 0.06 meV/K was observed which is 
very similar to previous reports from MBE [18]. An Arrhenius plot was 
created from the temperature dependant PL data to calculate the acti-
vation energy of the non-radiative recombination processes to give an 
indication of the T2SL quality as shown in Fig. 5c. The fitting was done 
using the single-channel non-radiative recombination Arrhenius 
equation: 

I(T) =
I(0)

1 + Ce−
Ea

KB T
(1)  

where I(0) is the integrated PL intensity when the temperature of the 
T2SL is 0 K, C is a constant, KB is the Boltzmann constant, T is the 
temperature, Ea is the activation energy of the non-radiative recombi-
nation process. The activation energy was found to be 51 meV between 
200 and 300 K and 19 meV between 100 and 200 K. These activation 
energies are comparable to those grown via MBE on native GaSb sub-
strates [19]. 

4. Conclusions 

The InAs/InAsSb type-II superlattice was integrated onto Si sub-
strates via the use of a GaSb/GaAs/Si buffer layer structure grown 
entirely via MOCVD. The buffer structure used was shown to be a viable 
alternative to the current state of the art MBE integration technique. The 
interfacial misfit dislocation array within the buffer layer was success-
fully grown with a majority 90◦ dislocations, leading to a total threading 
dislocation density of 6.7 × 108/cm2. The InAs/InAsSb T2SL itself was 
grown to a high quality as shown via TEM. Photoluminescence mea-
surement revealed a FWHM of 50 meV at a peak wavelength of 4.5 µm at 
77 K. Although this work is still in its early stages, these initial results 
may pave the way for the integration of full InAs/InAsSb T2SL device 
structures onto Si substrates via MOCVD. 
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Fig. 5. (a) Temperature dependant PL data of the full T2SL structure. The dip at 
4.3 µm is caused by CO2 absorption in the FTIR. At 77 K the T2SL had a FWHM 
of 50 meV at a peak wavelength of 4.5 µm (b) Plot showing the temperature 
dependant redshift of the T2SL (c) Arrhenius plot of the temperature dependant 
performance used to calculate the activation energy at different tempera-
ture ranges. 
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