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Mid-infrared lasers in the 3-5 µm range are important for wide variety of 

applications including trace gas sensing, infrared counter measures, free space optical 

communications, etc. GaSb-based type-I quantum well (QW) diode lasers are an 

attractive choice due to their relatively simple design and growth tolerances, as compared 

with quantum cascade lasers and interband cascade lasers. Excellent diode lasers have 

been demonstrated for wavelengths up to ~3.0 µm, employing GaInAsSb/AlGaAsSb QW 

active regions. But, device performance tends to degrade at longer wavelengths, due to 

Auger recombination and decreasing QW valence band offsets. In this work we look into 

the feasibility of using highly strained GaInAsSb/GaSb QWs as active regions for diode 

lasers operating at wavelengths beyond 3.0 µm. Heavy strain in the QW can improve 

valence band offset and also increase the splitting between the heavy and light hole bands 

which can help minimize Auger recombination. Through optimized molecular beam 

epitaxy (MBE) growth conditions we were able to incorporate up to 2.45 % compressive 

strain in these QWs enabling laser operation up to 3.4 µm at room temperature. An 

alternate path to extend the emission wavelength is to incorporate dilute quantities of 
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nitrogen into the QW. Incorporating dilute quantities of substitutional nitrogen into 

traditional III-V’s strongly reduces the bandgap of the alloy. The advantage for the case 

of GaSb based dilute-nitrides is that the bandgap reduction is almost exclusively due to 

the lowering of the conduction band leaving the valence band offsets unaffected; thus 

providing a path to mitigating hole leakage while extending the emission wavelength. 

Although GaSb-based dilute-nitrides are a potentially elegant solution for extending the 

operating wavelength of GaSb-based type-I QW diode lasers, the luminescence 

efficiency of this material system has been relatively poor. This is most likely due to the 

presence of a high concentration of point defects, like nitrogen substitutional clusters. 

Through careful optimization of MBE growth conditions and post growth annealing, we 

demonstrate improved luminescence efficiency. With further optimization this material 

system can potentially extend the emission wavelength of GaSb-based type-I QW diode 

lasers even further into the mid-infrared spectrum. 
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Chapter 1: Introduction 

Laser sources operating in the mid-infrared wavelength spectrum are important 

for a wide range of applications such as gas sensing, free-space optical communication 

and infrared counter-measures (Figure 1.1). This wavelength range contains strong 

fundamental rotational/vibrational modes of many pollutants and toxic substances such as 

ammonia (2.3 µm), methane (3.3 µm) and carbon dioxide (4.2 µm). Tunable laser based 

Figure 1.1: Applications of mid-IR lasers (a) gas sensing (b) free-space optical 
communication (c) infrared counter-measures. 
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spectroscopy in this wavelength range can be advantageous for the detection and 

monitoring of these substances in very low concentrations, since the absorption due to 

fundamental modes are much stronger than their overtones.  

This wavelength range also contains an atmospheric transmission window 

centered around 3.5 µm, which can be exploited for free-space optical communication 

(FSO). FSO can be extremely useful in scenarios where installation of additional fiber 

optic links is not possible or expensive or when existing links are damaged. The high 

directionality of lasers makes FSO somewhat secure from interception. 

This wavelength range is also extremely important for infrared countermeasures 

since heat seeking anti-aircraft missiles typically operate around the carbon dioxide 

vibrational mode around 4.2 µm. A laser source operating at this wavelength can be used 

to jam or even damage the sensitive detector in the missile. This has become especially 

Figure 1.2: Approaches to mid-infrared semiconductor lasers (a) type-I QW diode laser 
(b) quantum cascade laser (c) interband cascade laser. 

(a) (b) (c) 
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important with the proliferation of shoulder-launched surface-to-air missiles. 

These applications require a low-cost, compact, high-efficiency and reliable laser 

source operating at room temperature. Semiconductor solid-state lasers can potentially 

meet all these requirements. The main approaches to implementing mid-infrared lasers 

consist of type-I quantum well (QW) diode lasers, quantum cascade lasers (QCL) and 

interband cascade lasers (ICL). These approaches are illustrated in Figure 1.2. Our 

approach is based on type-I QW diode lasers due to their relative simplicity and ease of 

fabrication compared to the QCLs and ICLs. Specifically our approach is based on 

molecular beam epitaxy grown GaSb-based type-I QW diode lasers, which have shown 

excellent performance for wavelengths less than 3.0 µm. As we will see in the later 

chapters we adopt two approaches to extending the operating wavelength of these diode 

lasers, one is a more conventional approach based on highly strained GaInAsSb/GaSb 

QW active regions and the second is based on GaSb-based dilute-nitride alloys. We will 

look at some of the challenges with both these approaches and investigate how the 

challenges can be overcome through careful optimization of molecular beam epitaxy 

growth conditions. 
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Chapter 2: Molecular Beam Epitaxy  

Molecular beam epitaxy (MBE) is an ultra-high vacuum (UHV) crystal growth 

technique developed by J. R. Arthur and Alfred Y. Cho at Bell laboratories in the late 

1960s [1]. The typical background chamber pressures in an MBE system are in the 10-10 – 

10-11 Torr regime. At these low background pressures the monolayer growth time is 

significantly high especially at high substrate temperatures, this helps with reducing 

residual contaminants in the grown epitaxial layers which has lead to the development of 

devices like high-electron mobility transistor (HEMT) where low background dopant 

concentration (especially carbon) is essential for achieving high mobilities. This chapter 

goes into more details about MBE. 

Figure 2.1: Schematic of a typical MBE system. (adapted from www.mri.psu.edu) 
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2.1 Molecular beam epitaxy 

Figure 2.1 shows a representative schematic of an MBE growth chamber. The 

vacuum pumps used for generating and maintaining the UHV conditions is not shown in 

this schematic. The substrate is surrounded on all sides by a liquid nitrogen cooled cryo-

shroud, which helps in reducing the background concentration of residual gases. The 

constituent atoms of the alloys are evaporated from effusion sources. These atoms 

impinge on the heated substrate where the thermal energy helps the atoms migrate along 

the surface until they find energetically favorable lattice sites. Mechanical shutters help 

modulate this beam of atoms/molecules. This along with very slow growth rates (0.5 – 3 

Å/s) enables atomic layer control of layer thicknesses. During typical growth of III-V 

semiconductors the group-V (N, P, As, Sb) atoms have a non-unity sticking coefficient 

and are supplied in excess. The group-III elements on the other hand owing to their much 

lower vapor pressures at typical substrate temperatures (300 - 700 °C) have a near-unity 

sticking coefficient. The growth rate is therefore controlled by the flux of group-III 

atoms, which in turn is controlled by the temperature of the effusion source. The excess 

group-V elements at these substrate temperatures simply evaporate off the growth surface 

leading to the formation of stoichiometric III-V compounds. The fluxes are measured 

using an ion gauge that can be introduced at the position of the substrate by rotating the 

substrate manipulator (for example). 
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All the samples in this dissertation have been grown in a Varian Gen. II MBE 

system (system Bravo). Group-III elements (Al, Ga and In) were evaporated from 

thermal effusion sources. In the case of group-V elements the type of source depends on 

the group-V element. We have used valved-cracker sources for As and Sb. The valve 

helps in precise control of the As/Sb overpressures. The heated conductance zone of the 

cracker thermally cracks the As4 and Sb4 molecules into more reactive As2 and Sb2 

species respectively. On other hand due to high bond strength (9.79 eV) of nitrogen 

molecules thermal cracking of nitrogen is not feasible. Instead an inductively coupled 

radio-frequency (RF) plasma source is used to generate reactive nitrogen species. In order 

to avoid damage to the epitaxial layers due to high-energy ions from the plasma source 

we used dc-biased deflector plates at the outlet of the source to filter out ions. In a 

subsequent section of this chapter we will look at the effect of voltages applied to the 

(a) (b) 

Figure 2.2: Representative RHEED images from (a) a smooth surface and (b) from a 
rough surface. 
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deflector plates on the luminescence efficiency of GaInAsN/GaAs QWs. 

The UHV conditions used in MBE enables the use of in situ diagnostics 

techniques such as reflection high-energy electron diffraction (RHEED) (Figure 2.2). 

RHEED helps in determining the surface morphology of the epitaxial layer; a smooth 

surface exhibits a ‘streaky’ RHEED pattern while a rough growth front exhibits a ‘spotty’ 

RHEED pattern. Furthermore, the presence of fractional diffraction spots on RHEED 

helps determine the surface reconstruction of the growth front. This is especially useful 

for near stoichiometry growth conditions used by us for growth of GaSb-based alloys at 

low substrate temperatures (~300 - 350 °C).  

Figure 2.3: Sample mounting technique recommended by Veeco to minimize conductive 
heating of the substrate. (www.veeco.com) 
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2.2 Substrate temperature measurement 

As we will see in chapters 3 and 4, accurate determination of substrate 

temperature down to low temperature of (300 °C) is very critical for the growth of GaSb-

based semiconductor alloys discussed in this thesis. For example an increase in substrate 

temperature from 330 °C to 360 °C leads to a ~40 % change in fraction of substitutional 

nitrogen fraction in GaNSb. During MBE growth the actual substrate temperature is 

measured using an optical pyrometer (Figure 2.1), while a thermocouple located in close 

proximity to the backside of the substrate holder provides feedback for the substrate 

temperature controller. The actual substrate temperature varies from the temperature 

measured by the thermocouple by up to 150 °C.  

In our case what we require is a precise and repeatable measurement of the 

substrate temperature. For repeatable temperature measurement it is important that the 

heat transfer to/from the substrate should be entirely radiative. We use a technique 

recommended by Veeco (Figure 2.3) where the sample is held in place by two spring 

plates with minimal physical contact. This sample mounting technique leads to very good 

repeatability, with the temperature read by the thermocouple and the actual substrate 

temperature (measured using a pyrometer) being within 5 °C of each other.  

Initially a Photrix pyrometer operating at a wavelength around 980 nm was used 

to measure the substrate temperature. However, background infrared (IR) radiation from 

the effusion cells at normal operating temperatures prevented accurate temperature 

measurement below ~400 °C. This required extrapolating the temperature down from 
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higher temperatures. For later growths we used a k-Space Associates, BandiT 

temperature measurement system, which was significantly more immune to background 

scattered IR enabling accurate temperature measurement down to 300 °C. This system 

operates by collecting the IR spectrum from the substrate and then fitting a blackbody 

spectrum to it. The temperature of the blackbody spectrum is varied until a good fit is 

obtained. 

2.3 Nitrogen RF plasma source 

The system for generating active nitrogen species consists of an RF plasma source 

from SVT Associates and a home built nitrogen gas delivery system. The plasma source 

consists of a pyrolytic boron nitrogen (pBN) chamber for containing the nitrogen plasma. 

A copper coil is wrapped around the length of the plasma chamber for coupling RF 

power into the plasma. The coil is hollow to facilitate water-cooling since copper tends to 

Figure 2.4: Schematic of the nitrogen gas manifold. A vent-run configuration is used to 
make sure that the nitrogen flowing into the plasma source maintains its ultra-high purity. 
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soften at high temperatures. RF power at 13.56 MHz is applied to the copper coils. A 

manually tuned impedance matching network at the RF feedthrough of the source is 

adjusted to minimize reflected power. A dc-electric field applied across two metal plates 

at the outlet of the pBN plasma chamber was used to deflect ions generated from the 

plasma source away from the substrate to minimize damage induced by energetic ions. A 

1.33-inch conflat viewport allows optical access to the plasma. We used a silicon 

photodetector to monitor the optical emission intensity from the plasma. For a given 

nitrogen flow rate, the cracking efficiency is proportional to the plasma intensity [2], [3]. 

Thus, monitoring the plasma intensity enables very precise control of the active nitrogen 

flux. This also helps with overcoming drifts in the plasma conditions especially during 

the growth of thick layers. By monitoring the plasma intensity, the drifts can be 

controlled by changing the input RF power. This ensures a constant nitrogen flux from 

the source.  

The gas delivery system (Figure 2.4) supplies ultra-high purity (UHP) nitrogen 

gas to the plasma source in a vent-run configuration. The UHP nitrogen supplied from a 

gas bottle is sent through a Pall Mini Gaskleen purifier to further purify the gas. 

Downstream of the purifier a Unit 125 mass flow controller (MFC) is used to control the 

nitrogen gas flow rate. Beyond the MFC, the gas flow path splits in two: a vent path and a 

run path. In the vent mode, the needle valve leading to the plasma source is closed and 

the valve in front of the turbomolecular pump is open. This is the idle state of the system 

where the nitrogen gas flows into the turbomolecular pump. This ensures that the 

nitrogen gas in the manifold upstream of the needle valve is continuously flowing thus 
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maintaining its ultra-high purity. This also helps the MFC to stabilize well before the 

plasma is lit avoiding transients in the nitrogen flow rate. To light the plasma, the valve in 

front of the turbomolecular pump is closed and the needle valve leading to the plasma 

source is opened. This is the run mode with the nitrogen gas flowing into the plasma 

source. The RF plasma power is slowly increased until the plasma is lit, once lit the 

impedance matching network needs to be adjusted to minimize the reflected power.  

There are two modes of operation of the plasma, E-mode and H-mode [4]. In the 

E-mode (capacitive coupling) plasma generation is associated with the potential 

difference between the individual loops of the coil. This mode has low nitrogen 

dissociation efficiency and is characterized by low plasma density and optical intensity. 

In the H-mode (inductive coupling) the RF power transfer between the coils and the 

plasma is inductive in nature. This mode has high cracking efficiency and is characterized 

by a high plasma density and optical intensity. Because of the high optical intensity this 

Figure 2.5: Plasma intensity vs RF power illustrating the hysteresis loop. Operating the 
plasma near the minimum power point helps reduce plasma-induced damage to the 
epitaxial layer. 
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mode is also called the bright mode. The plasma source is operated in the H-mode to 

generate the active nitrogen flux.  

  Figure 2.5 illustrates the optical intensity of the plasma discharge as a function 

of input plasma power. At low RF powers the plasma discharge is in E-mode. With 

increasing power the plasma intensity increases until a threshold plasma power is reached 

beyond which the plasma transitions to H-mode accompanied by a sudden and discrete 

jump in plasma intensity. When operating in H-mode as the plasma power is reduced the 

plasma intensity reduces and the plasma continues to operate in H-mode even below the 

threshold power for transition from E-mode to H-mode exhibiting the hysteresis loop 

illustrated in Figure 2.5. The minimum critical power for the plasma to still operate in H-

mode is a function of the nitrogen gas pressure in the plasma chamber. The gas pressure 

is determined by the nitrogen flow rate and the aperture size. With increasing gas 

pressure the minimum power required to operate the plasma also increases. Operating the 

plasma near this minimum power point is beneficial in reducing the average energy per 

atom/molecule exiting the plasma source, which in turn can help minimize nitrogen 

plasma induced damage to the epitaxial layers [5]. 

As we have mentioned earlier, a dc electric field applied can be used to deflect 

ions away from the substrate to prevent damage to the epitaxial layer. Interestingly high 

voltages (~800 V) applied to the deflector plate has been shown to be ineffective in 

preventing damage while at the same time low voltages applied to the deflector plates are 

much more effective at minimizing plasma damage [5]. In order to determine the optimal 

deflector plate voltage we grew a set of GaInAsN/GaAs QW samples where the deflector 
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plate voltage was varied. One of the deflector plates was grounded while the other 

deflector plate voltage was varied from 0 to -60 V. Room temperature photoluminescence 

(PL) measurements on the as-grown samples initially indicated that with a change in 

deflector plate voltage the PL intensity from the samples remained unchanged.  

The samples were subjected to rapid thermal annealing (RTA) at various 

temperatures for 1 minute each in an ambient of flowing nitrogen gas. A GaAs proximity 

cap was placed on top of the samples during annealing to minimize surface degradation 

during annealing. Figure 2.6 (a) shows the evolution of the PL spectrum of the 

GaInAsN/GaAs QW grown with 0 V applied to the deflector plates illustrating the 

dramatic increase in luminescence efficiency with annealing. Even though the as-grown 

samples did not show any trend, as we can see from Figure 2.6 (b) with increasing 

(a) (b) 
Figure 2.6: (a) Room temperature PL spectra from a GaInAsN/GaAs QW. PL peak 
intensity increases and also blueshifts with increasing annealing temperature. (b) Peak PL 
intensity vs. annealing temperature demonstrating that lower deflector plate voltages lead 
to the most improvement with annealing. 
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annealing temperature a clear trend emerged, which shows that low negative voltages 

applied to one of the electrodes, with the other electrode grounded, is most effective at 

minimizing plasma induced ion damage. The sample where both the deflector plates were 

grounded showed the greatest improvement in PL intensity with annealing. We speculate 

that high deflector plate voltages generate defects in the epitaxial layer that cannot be 

removed with RTA. When the applied deflector plate was switched to positive values a 

similar trend emerged showing that high positive voltages also lead to damage to the 

epitaxial layer. The observation that low dc voltages applied to the deflector plates are the 

most effective at minimizing plasma induced damage is consistent with the observations 

of Wistey et al., [5]. So for all the dilute-nitride samples in this dissertation both the 

deflector plates were grounded since this leads to the maximum PL efficiency after 

annealing. 

2.4 Mixed group-V alloy growth challenges 

GaSb-based diode lasers consist of a number of layers that contain multiple 

group-V elements. The most critical of these are AlGaAsSb top and bottom waveguide 

cladding layers where accurate control of layer composition is critical for lattice matching 

to the GaSb substrate. Composition control of mixed group-III alloys is much easier since 

group-III adatoms have unity-sticking coefficient at the growth temperatures of interest in 

this study (300 °C to 500 °C). However group-V elements are volatile and hence have 

non-unity sticking coefficient in this temperature range. Moreover As-group-III bonds are 
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stronger than Sb-group-III bonds leading to As-Sb exchange reaction at the growth front 

[6], [7].  

Figure 2.7 shows the As content in Al0.52GaAsxSb alloy measured using high-

resolution X-ray diffraction (HR-XRD) as a function of As/(As+Sb) beam flux ratio. At a 

given As flux, the As incorporation increases with increasing growth temperature, 

consistent with a As to Sb exchange reaction. A similar trend is observed by other groups 

for As incorporation in mixed group-V alloys [8], [9]. Since the As mole fraction in 

AlGaAsSb alloy is growth temperature dependent, the As flux required for lattice 

matching has to be determined for each growth temperature. As we will see in chapter 3 

the top AlGaAsSb cladding of the laser structure is grown at a lower temperature than the 

Figure 2.7: Arsenic mole fraction in Al0.52GaAsxSb alloy for two different growth 
temperatures. With increasing growth temperature the arsenic incorporation efficiency 
improves. 
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bottom AlGaAsSb cladding to avoid annealing the highly strained GaInAsSb/GaSb 

multiple QW active region. 

2.5 Photoluminescence 

Photoluminescence (PL) is a non-destructive characterization technique. Gfroerer 

[10] provides an excellent review of PL as a characterization technique.  

A typical  PL setup is illustrated in Figure 2.8. A laser with photon energy greater 

than the semiconductor bandgap is used to optically pump the sample. The pump photons 

get absorbed near the surface (within a few absorption lengths) generating electron-hole 

pairs that relax to the band edges. A fraction of the electron-hole pairs undergo radiative 

recombination and the emitted light is collected, dispersed through a spectrometer and 

detected to obtain the emission spectrum of the sample. The presence of significant 

concentrations of non-radiative recombination centers will reduce the luminescence 

efficiency leading to a weaker PL signal from the sample.  

Pump laser 
532 nm 

Dichroic 
beamsplitter 

CaF2 
lens 
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Figure 2.8: Schematic of a typical PL setup. 
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Mounting the sample in a cryostat with optical access enables temperature 

dependent PL measurements. This is especially helpful in enhancing spectral features that 

are weak at room temperature. Throughout this dissertation we rely heavily on PL as a 

characterization technique for all the different optimization studies carried out to improve 

material quality. 
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Chapter 3: GaSb-Based Mid-IR Diode Lasers 

Room temperature (RT) operation of GaSb-based diode lasers were first 

demonstrated using a GaInAsSb/AlGaAsSb double heterostructure device structure [11]. 

The device is operated at RT in pulsed mode at an emission wavelength of 1.8 µm with a 

threshold current density of 5 kA/cm2. Caneau et al., [12] were able to reduce the RT 

threshold current density down to 3.5 kA/cm2 by improving the optical and electrical 

confinement; by increasing the Al mole fraction in the cladding layers and also reducing 

the thickness of the GaInAsSb active region. They were also able to extend the emission 

wavelength to 2.2 µm. With further optimization to the device structure Caneau et al., 

[13] were able to reduce the RT threshold current density to 1.7 kA/cm2, with an emission 

wavelength of 2.2 µm.  

Continuous space wave (CW) operation at room temperature was first 

demonstrated by Bochkarev et al., (11th IEEE ISLC, Boston, post-deadline paper, PD-8), 

through the incorporation of current confinement by etching the highly doped cap layer 

outside the contact stripe.  

The next dramatic reduction in threshold current density was achieved through the 

incorporation of QW active regions. Choi and Eglash [14] implemented the first QW 

active region for GaSb-based diode lasers. The active region consisted of five 10 nm 

thick GaInAsSb QWs separated from each other by 20 nm thick AlGaAsSb barriers with 

an emission wavelength of 2.1 µm. RT pulsed threshold currents as low as 260 A/cm2 



 19 

was achieved for that laser. Although the layers were designed to be lattice matched, the 

QWs were slightly compressively strained, which in combination with the quantized 

energy levels helped in reducing the threshold current density. The devices operated in 

CW mode up to 293 K with an output power of 190 mW/facet.  

These structures were fabricated using MBE as compared to liquid phase epitaxy 

(LPE) for the case of earlier double heterostructure devices. By using MBE the authors 

were able to increase the Al content (from 34 % to 75 %) in the cladding layers 

improving the optical mode confinement, which in turn helped in reducing the optical 

losses due to free carrier absorption. Furthermore, since MBE is far from an equilibrium 

crystal growth technique, it allowed the growth of GaInAsSb alloy compositions within 

its miscibility gap which helped in extending emission wavelengths beyond 2.33 µm 

[15], which was not possible using LPE, which is a near equilibrium growth technique.  

Extremely low threshold current density of 50 A/cm2 has been demonstrated for a 

compressively strained single QW GaInAsSb/AlGaAsSb laser operating at 2 µm. 

Compressive strain, as is well known, lifts the degeneracy between the heavy hole and 

light hole bands, reducing the density of states near the zone center. In conjunction with 

quantum confinement this significantly reduces the transparency current reducing the 

threshold current density. So utilizing strained QWs, the threshold current density was 

reduced by orders of magnitude. At one point it was speculated that long wavelength 

diode lasers would be impossible to achieve due to high Auger recombination rates with 
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decreasing band gap, however this demonstrates that advanced growth techniques and 

clever device design can be used to overcome the so called fundamental challenges. 

3.1 Challenges with extending the emission wavelength 

There are three main challenges with extending the emission wavelength of 

GaSb-based type-I QW diode lasers, namely inter-valence band absorption (IVBA), 

insufficient QW valence band offset and Auger recombination. IVBA is due to optical 

transitions between the three valence bands. In the case of GaSb it has been shown by 

Chandola et al., [16], that IVBA due to transitions between the split-off band and the 

heavy hole (hh) and light hole (lh) bands is minimal due to the large split-off energy (0.8 

eV) of the antimonides. However with increasing doping, the optical transitions between 

the lh and hh bands becomes significant at wavelengths longer than ~3 µm. CHCC Auger 
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Figure 3.1: Band structure of a QW illustrating CHCC Auger recombination and IVBA. 
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recombination in the QW also increases rapidly with increasing wavelength. These 

parasitic processes are illustrated in Figure 3.1. 

 The loss of valence band offset can be illustrated by considering a GaInAsSb 

multiple QW structure with AlGaAsSb barriers as shown in Figure 3.2. The AlGaAsSb 

barrier layers also act as the waveguide core to confine the optical mode. To increase the 

emission wavelength the indium content in the QW has to be increased. This leads to an 

increase in compressive strain in the QW, which helps with improving the valence band 

offset as well. However high levels of compressive strain can lead to the formation of 

misfit faults in the QW, degrading the luminescence efficiency. In order to avoid this the 

As content in the QW is increased to reduce compressive strain in the QW. Adding As 

however lowers the valence band in the QW leading to a reduced confinement barrier for 

holes. This degradation mechanism becomes severe enough to affect laser performance 

beyond 3.0 µm.  
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Figure 3.2: Illustration of the challenges with extending the emission wavelength of 
GaSb-based type-I QW diode lasers. 
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One way to overcome this would be add more As to the QW barrier/waveguide 

but this would also require the addition of Al to the barrier to maintain lattice matching 

with the GaSb substrate. Increasing the Al content in the barrier/waveguide leads to an 

increase in conduction band offset between the QW and the barrier potentially leading to 

non-uniform carrier injection in the case of multiple QW active regions. Secondly it also 

reduces the index contrast between the Al0.25GaAsSb waveguide and Al0.9GaAsSb 

cladding layers leading to optical mode leakage into the doped waveguide layers, which 

in turn leads to increase in free carrier absorption losses. 

However this problem was overcome by Grau et al., [17] by changing the lattice 

matched barrier layer to AlGaInAsSb quinary alloy. The quinary alloy added an extra 

degree of freedom enabling independent control of the lattice matching condition and 
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Figure 3.3: Room temperature PL spectrum from a GaInSb/GaSb QW. The emission 
peak at ~1.7 µm is due to electron leakage from the QW due to the low indium content in 
the QW. 
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valence band offset. By adding indium to the barrier the As content in the barrier can be 

increased which lowers the valence band edge in the barrier. Now the As content in the 

QW could be increased without affecting the hole confinement. By adding indium to the 

barrier the conduction band offset between the QW and barrier is reduced, which reduces 

confinement energy for electrons, further helping with extending the emission 

wavelength. The reduced barrier height also helps with more uniform injection of 

electrons in the case of multiple QW active regions. Using the quinary barrier approach 

the emission wavelength of GaSb-based type-I QW diode lasers was extended to 3.73 µm 

[18]. 

An alternate approach to extending the emission wavelength is to use GaInAsSb 

QWs with GaSb barriers. For wavelengths shorter than 2.3 µm, using a GaSb barrier is 

not feasible since the conduction band offset is not high enough to provide confinement 

for electrons. In spite of this a diode laser operating at 2.0 µm has been demonstrated 

using GaInSb/GaSb compressively strained multiple QW active region [19]. However, 

for lasers operating at longer wavelengths (~3.0 µm) the QW indium content is higher, 

thus increasing the conduction band offset, which provides better confinement for the 

electrons. This is illustrated in Figure 3.3 where for a GaIn0.3Sb/GaSb QW emitting at 

2.15 µm there is significant emission from the GaSb barriers (peak at ~1.7 µm). That 

said, for a GaIn0.55As0.14Sb/GaSb QW emitting at ~3.4 µm, the photoluminescence (PL) 

spectrum around 1.7 µm does not show any significant emission indicating that electron 

leakage from the QW can be significantly suppressed due to the improved conduction 
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band offset. The refractive index contrast between the waveguide and cladding is 

improved by using the GaSb barrier/waveguide over the quinary AlGaInAsSb [20], 

improving optical mode confinement. This decreases the overlap of the optical mode with 

the doped AlGaAsSb cladding layers decreasing internal losses in the laser. Furthermore 

better optical mode confinement improves the overlap of the optical mode with the QWs 

thus improving differential gain. 

3.2 GaInAsSb/GaSb QW active region design 

Our approach was to use GaSb waveguide and barrier layers because of the 

benefits mentioned in the previous section. Diode lasers based on this approach have 
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Figure 3.4: Room temperature PL spectra from GaInAsSb/GaSb QWs. The luminescence 
efficiency improves with increasing compressive strain likely due to improved hole 
confinement. 
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been demonstrated up to an emission wavelength of 3 µm with 1.66 % compressive 

strained GaInAsSb/GaSb double QW active region [21]. However, to extend the emission 

wavelength while keeping the strain in the QW constant both In and As content has to be 

increased. As we have seen in the previous section this reduces the valence band offset 

and the resulting poor confinement for holes degrades the luminescence efficiency of the 

QW.  

Another approach to improve the valence band offset is to increase the 

compressive strain in the QW [22]. However, most research groups working on this 

material system restrict the maximum strain in the QW to less than 1.8 %. We 

investigated the effect of increasing compressive strain on luminescence efficiency of 

GaInAsSb/GaSb QW using PL. The sample structure we used for this study consisted of 

a 10 nm thick GaIn0.55AsSb QW with GaSb barriers grown at a substrate temperature of 

410 °C since this was the temperature was used by Lehnhardt et al., [21]. The arsenic 

content in the QW was varied to control the strain in the QWs. The samples were grown 

on an undoped GaSb substrate. First a 200 nm GaSb buffer layer was grown at a substrate 

temperature of 480 °C. During the last 50 nm of the GaSb buffer layer, the sample 

temperature was ramped down to 410 °C. The QW was then capped with 100 nm of 

GaSb grown at the same temperature as the QW growth temperature. This was to avoid 

any in situ annealing, which as we will see later in this chapter is a significant challenge 

during the growth of highly strained GaInAsSb/GaSb QWs.  
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 As we can see from Figure 3.4 the emission wavelength is at ~3.4 µm compared 

to 3.0 µm [21] since the indium content in our samples was higher (55 % compared to 45 

% in [21]). We can also see that increasing the compressive strain in the QW from 1.7 % 

to 2.1 % leads to a 3-fold improvement in luminescence efficiency, likely due an 

improvement in hole confinement with increasing compressive strain. This demonstrates 

the feasibility of using highly strained GaInAsSb/GaSb QWs to extend the emission 

wavelength of GaSb-based type-I QW diode lasers. 

To test the limits of how much compressive strain can be incorporated before the 

QW starts to degrade we continued increasing the strain in the GaInAsSb/GaSb QWs by 

further reducing the As content. From Figure 3.5 we can see that with increasing 

compressive strain, luminescence efficiency initially increases but with a further increase 
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Figure 3.5: Room temperature PL spectra from a set of GaInAsSb/GaSb QWs with 
varying strain. With increasing compressive strain PL efficiency initially increases but 
then degrades rapidly. 
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in compressive strain luminescence efficiency degrades rapidly. To understand the cause 

of the degradation in luminescence efficiency we investigated the evolution of the 

structural properties of these QWs with increasing strain using high-resolution X-ray 

diffraction (HR-XRD). 

Figure 3.6 (a) shows the HR-XRD symmetrical ω-2θ scans about the 004 diffraction 

peaks of the samples. We observe a gradual washing out of the high-frequency 

Pendellosung fringes. These fringes are associated with the abruptness of the interface 

between the GaSb cap layer and the upper QW interface. This indicates that the interface 

becomes rougher with increasing compressive strain. One of the likely causes for this 

(a) (b) 

Figure 3.6 (a) HR-XRD symmetric scans of GaInAsSb/GaSb QWs grown at 410 °C 
about the 004 reflection. The Pendellosung fringes wash out with increasing strain likely 
due to degradation of the QW interfaces as illustrated in (b). 
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degradation is the well known strain driven surface segregation of indium [23], which can 

reduce the abruptness of the QW interfaces as illustrated in Figure 3.6 (b). 

However the surface segregation of indium can be kinetically suppressed by 

lowering the growth temperature. Indeed, by reducing the growth temperature from 410 

°C to 350 °C we can see that (Figure 3.7) the peak PL intensity increases by ~50 %. The 

emission peak also redshifts with decreasing growth temperature and the full-width at 

half-maximum (FWHM) decreases. HR-XRD scans (Figure 3.8) indicate that by 

lowering the growth temperature Pendellosung fringes become more pronounced 

indicating that the QW interface quality is significantly improved. The strain in the QW 
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Figure 3.7: Room temperature PL spectrum comparing the effect of growth temperature 
on luminescence efficiency of GaInAsSb/GaSb QWs.  Reducing the growth temperature 
leads to a 50 % improvement in luminescence efficiency. 
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also increases from 2.13 % to 2.45 %. The increase in compressive strain in the QW 

coupled with the redshift and reduced FWHM of the emission peak indicates the indium 

surface segregation from the QW is suppressed by lowering the growth temperature. 

Therefore the pathway to push the emission wavelength of GaInAsSb/GaSb QWs is to 

reduce the growth temperature and to incorporate high (>2 %) compressive strain. 

However, high strain in the QW opens up the question of the feasibility of 

growing multiple QWs necessary for diode laser active regions due to misfit dislocation 

formation with increasing accumulated strain in the layers. To investigate this we grew a 

set of samples where the number of highly strained (2.45 %) GaInAsSb/GaSb QWs was 

varied. The QWs in the multiple QW samples were separated by 20 nm of GaSb. All the 

samples were grown at a substrate temperature of 350 °C as this substrate temperature 

Figure 3.8: HR-XRD scan illustrating the pronounced Pendellosung fringes and increased 
compressive strain with reducing growth temperature. 
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was low enough to prevent structural and luminescence efficiency degradation. Three 

samples with 1 QW, 3 QWs and 5 QWs each were grown. 

HR-XRD symmetrical ω-2θ scans (Figure 3.9) and reciprocal space mapping 

about the 224 reflection indicates that even for the sample with 5 QWs, well defined 

superlattice peaks are observed indicating good structural quality. Room temperature PL 

spectra (Figure 3.10 (a)) indicate that the peak PL intensity decreases as the number of 

QWs is increased from 1 to 5. However, pump power dependent PL studies indicate that 

even though the single QW has higher peak PL intensity at low pump powers, with 

increasing pump intensity the PL peak intensity saturates rapidly. At higher pump powers 

(Figure 3.10 (b)) we can see that multiple QW samples are less prone to saturation. This 

Figure 3.9: HR-XRD ω-2θ symmetric scan about the 004 reflection for the 5-QW 
GaInAsSb/GaSb sample. The presence of superlattice fringes indicates good structural 
quality. 
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saturation in PL can translate into gain saturation in lasers which is what is observed in 

practice [24]. This trend becomes more prominent with increasing wavelength, for 

example, a diode laser operating at 3.7 incorporated GaInAsSb/AlInGaAsSb 5-QW active 

regions [18]. 

The likely cause for this rapid gain saturation might be due to a combination of 

low hole effective mass and low valence band offset which leads to the hole states in the 

QW rapidly becoming filled up and the holes starting to occupy the barrier states [22]. At 

this time the exact valence band offsets for these QWs is unknown, but photoreflectance 

studies are underway to determine the band offsets. By increasing the number of QWs the 

carrier density per QW is reduced, which helps mitigate the gain saturation. Increasing 

(a) (b) 
Figure 3.10: (a) Room temperature PL spectra comparing GaInAsSb/GaSb single and 
multiple QWs. (b) Peak PL intensity as a function of pump power intensity indicating 
that the peak PL intensity saturates for the 1-QW sample, however the saturation 
becomes less severe as the number of QWs increase. 



 32 

the number of QWs also improves modal gain due to better optical mode overlap with the 

QWs. 

Next we looked at the effect of in situ annealing on these highly strained 

GaInAsSb/GaSb QWs to determine the growth temperature for the top AlGaAsSb 

cladding of the laser. The sample structure used for this study consisted of a 

GaIn0.55AsSb/GaSb QW (2.45 % compressive strain) grown at a substrate temperature of 

350 °C. After the growth of the QW, for one of the samples the substrate temperature was 

slowly ramped up at 20 °C/minute to 420 °C during the growth of the top 100 nm GaSb 

barrier/cap layer. The time taken to grow this layer was 10 minutes. A control sample 

was also grown where the 100 nm GaSb barrier/cap layer was grown at the same 

Figure 3.11: Room temperature PL spectra illustrating the effect of in situ annealing on 
GaInAsSb/GaSb QW. Even with a 10-minute annealing at 420 °C the emission peak 
blueshifts noticeably. 
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temperature as the QW.  

As we can see from Figure 3.11, the emission peak from the sample that was 

subjected to annealing blueshifts noticeably even though the annealing time was only 10 

minutes. The time taken to grown the 1.8 µm AlGaAsSb top cladding is about 2 hours, 

which can significantly blueshift the QW emission peak likely due to indium outdiffusion 

from the QW. This forced us to grow the top AlGaAsSb cladding at 350 °C, same as the 

growth temperature for the QW. Other groups have observed similar annealing effects 

with the GaSb barrier/waveguide layers [21], [8]. In-situ annealing seems to be less of an 

issue for AlGaAsSb barrier/waveguide layers [8], likely due to the stronger Al group-V 

bonds which prevents the outdiffusion of indium from the QWs. 

3.3 Electrically-injected GaSb-based diode laser  

Laser structures were grown based on these highly strained GaInAsSb/GaSb 4-

QW active regions. The lasers structures were grown on Te doped GaSb 2-inch 

substrates. The sample structure consisted of a 200 nm GaSb Te doped (2×1018 cm-3) 

buffer layer. The bottom cladding consisted of an 1800 nm thick lattice matched 

Al0.52GaAsSb layer. The lower 1300 nm of the cladding was doped to 1×1018 cm-3 with 

Te, while the next 500 nm of cladding closer to the waveguide was doped to 2×1017 cm-3 

to minimize free carrier absorption. Highly doped 40 nm thick graded bandgap layers 

were inserted between the cladding and the GaSb buffer to reduce the barrier to current 

flow. The buffer and the bottom cladding were grown at a substrate temperature of 480 
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°C. The active region consisted of four 2.45 % compressively strained 10 nm thick 

GaIn0.55AsSb/GaSb QWs separated by 20 nm of GaSb barriers. The active region was 

bound on the top and bottom by 400 nm thick GaSb layers, which formed the waveguide. 

During the growth of the bottom half of the waveguide the substrate temperature was 

slowly ramped down to 350 °C, the active region growth temperature. The top cladding 

again consisted of an 1800 nm thick lattice matched Al0.52GaAsSb layer. The lower 500 

nm, closer to the waveguide, of the top cladding was doped to 2×1017 cm-3 with Be to 

minimize free carrier absorption, while the upper 1300 nm was doped to 8×1017 cm-3. The 

top contact layer consisted of a 100 nm thick GaSb doped to 5×1018 cm-3. Highly doped 

40 nm thick graded bandgap layers were inserted between the top cladding and the GaSb 

Figure 3.12.: Cross section of the processed laser structure. 
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contact layer to reduce the barrier to current flow. The top cladding and the contact layer 

were grown at the same substrate temperature as the active region to minimize in situ 

annealing of the QWs.  

The sample was subsequently processed into gain guided stripe geometry laser 

structures as shown in Figure 3.12. First a 200 nm thick layer of silicon nitride was 

blanket deposited on the top of the sample. Patterning was done to define the laser stripes 

using conventional photolithography. The silicon nitride was etched using CF4/O2 plasma 

to open contact windows to the underlying GaSb contact layer. Ti/Pt/Au top metal 

contact was deposited using an electron beam evaporator. The samples were subsequently 

(a) (b) 

Figure 3.13: (a) L-I curves from a 50 µm by 2 mm gain guided laser operating under 
pulsed mode (200 ns/10 kHz). Inset shows the emission spectrum at 10 °C measured at 
1.3 Ith. (b) Threshold current as a function of operating temperature yielding a T0 of 50 K. 
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lapped down to a thickness of ~100 µm from the substrate side to help with cleaving. The 

bottom metal contact consisting of Au/Sn/Au was deposited using an electron beam 

evaporator.  

The samples were then cleaved into 2 mm long laser bars and mounted epi-side 

up on copper sub-mounts. The facets were as cleaved and no anti-reflection/high-

reflection coatings were used. The sub-mounts were mounted on an ILX Lightwave 

thermoelectric cooler for testing. 50 µm by 2 mm laser stripes were driven in pulsed 

mode using 200 ns pulses at a pulse repetition rate of 10 kHz. The L-I curves as a 

function of temperature are shown in Figure 3.13 (a) for a set of temperatures. The 

threshold current density (Figure 3.13 (b)) is very high (~1.7 kA/cm2 at 5 °C); which is 

likely due to the poor current confinement in the gain guided laser structures. Upgrading 

to index guide device geometry, by etching the top cladding all the way down to the top 

of the waveguide will improve current confinement significantly and will help with 

reducing the threshold current. However, as we can see from the inset in Figure 3.13 (a) 

that the emission wavelength of ~3.4 µm is the longest wavelengths achieved using an Al 

free GaInAsSb/GaSb active region design at this time. The laser continues to operate up 

to 20 °C indicating that the promise of using GaInAsSb/GaSb QW active regions for 

extending the emission wavelength of GaSb-based type-I QW diode lasers. The 

characteristic temperature for threshold current, T0, of the laser was 50 K, which is one of 

the highest reported for a laser operating in this wavelength range.  
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To test the feasibility of using this approach to extend the emission wavelength 

even further, we grew a 2.8 % compressively strained 10 nm GaIn0.65AsSb/GaSb QW 

sample grown where the indium content in the QW was increased from 55 % to 65 %. 

The QW was grown at a substrate temperature of 350 °C. Room temperature PL spectra 

(Figure 3.14) indicates that with the increase in indium content the emission peak has 

been shifted from 3.4 µm to 3.9 µm. The emission peak intensity degraded by about 2x, 

however optimization of MBE growth conditions can likely mitigate this degradation.  

 
  

Figure 3.14: Room temperature PL spectra from two GaInAsSb/GaSb QWs where the 
indium content in the QW was varied. By increasing the indium content from 55 % to 65 
% the emission wavelength was pushed to 3.9 µm. 
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Chapter 4: GaSb-Based Dilute-Nitride Semiconductor Alloys 

Dilute-nitrides are a class of III-V alloys formed by substituting a small fraction 

of group-V atoms (P, As, or Sb) with nitrogen atoms resulting in a rapid reduction of the 

alloy bandgap. This dramatic reduction in the bandgap makes these alloys attractive for a 

variety of applications where independent tuning of the bandgap and lattice constant is 

necessary. This is illustrated in the bandgap vs. lattice constant map for III-V 

semiconductor alloys in Figure 4.1 where the GaSb-based dilute nitride alloy line has 

been highlighted in blue. As we can see from Figure 4.1, this alloy system has 

tremendous potential for accessing the mid-infrared (3-5 µm) wavelength spectrum. The 

next section describes a phenomenological model for understanding the bandgap 

reduction in dilute-nitride alloys. 
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Figure 4.1: Bandgap vs. lattice constant map for III-V semiconductors alloys. The GaNSb 
alloy line is highlighted in blue. 
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4.1 Band-anticrossing model of bandgap reduction 

To first-order, the rapid reduction in bandgap of dilute-nitride alloys is well 

described by the phenomenological model of band-anticrossing [25]. Compared to the 

other group-V atoms, nitrogen has a smaller atomic radius and a higher electronegativity 

which leads to the formation of a highly localized energy level having the same 

symmetry as the host conduction band [26]. The formation of this localized energy level 

is illustrated in Figure 4.2 (a) for the GaNSb alloy system. The strong anticrossing 

interaction between this level and the host conduction band splits the latter into two bands 

E+ and E- (Figure 4.2 (b)). The model is described in equation. 1, where Ec is the 

unperturbed host conduction band energy, En is the localized energy level introduced by 

nitrogen, x is the nitrogen mole fraction in the alloy and V is an adjustable interaction 

parameter. 
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Figure 4.2: (a) Origin of the nitrogen level introduced by substitutional nitrogen; the level 
is formed by the interaction between nitrogen orbitals and the surrounding Ga orbitals, 
(b) E-k diagram illustrating the band-anticrossing model. 
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2
±
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                    (1) 

 

Due to the high-mismatch in physical properties between nitrogen and other 

group-V elements, a strong splitting occurs between the E+ and E- levels. This splitting in 

turn leads to a lowering of the conduction band thus causing a rapid reduction in bandgap 

as illustrated in Figure 4.2 (b). Moreover the bandgap reduction is entirely due to 

lowering of the conduction band (CB) leaving the valence band (VB) unperturbed. As we 

have seen in the previous chapter, hole leakage due to insufficient valence is one of the 

major challenges with extending the emission wavelength of GaSb-based type-I QW 

diode lasers. Therefore GaSb-based dilute-nitrides provide a very attractive avenue for 

extending the emission wavelength since the valence band is unaffected by the bandgap 

reduction. 

4.2 MBE growth challenges of dilute-nitrides 

As mentioned earlier, there is a large difference in electronegativity and atomic 

radii between nitrogen and antimony, which leads to a miscibility gap across the entire 

composition range of the GaNSb alloy system. MBE being a non-equilibrium crystal 

growth technique enables the growth of this metastable alloy. However, even with MBE, 

we and other groups working on this material system have faced significant challenges 

with the growth of GaSb-based dilute nitride alloys. These challenges and ways to 

overcome them will be discussed in this section. 
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For structural characterization we grew a set of samples consisting of 100 nm 

thick GaNSb epitaxial layers on <100> oriented GaSb substrates. The Sb cracker was 

operated at 900 °C which has been shown to produce a mix of Sb2 and monoatomic Sb 

[27]. The Sb to Ga beam equivalent pressure (BEP) ratio was fixed at 2.3 for all these 

samples, as this is slightly higher than the minimum BEP ratio required for maintaining 

Sb stabilized growth conditions. It has been shown that low Sb/Ga BEP ratios lead to the 

best luminescence efficiency from MBE grown GaSb epitaxial layers [28]. This is the 

same Sb/Ga BEP ratio that was used for all the samples in this study. The growth 

temperature and growth rate of these samples were varied to study their effect on nitrogen 

incorporation. These samples were left uncapped to facilitate surface sensitive 

characterization techniques such as Raman spectroscopy and X-ray photoelectron 

spectroscopy. During growth the epitaxial layers exhibited a 1×3 RHEED pattern typical 

of Sb-stabilized growth conditions. 

Ideally for bandgap reduction the nitrogen atoms should occupy substitutional 

group-V sites in the host matrix. In the case of GaNSb we [29] (and other groups [30]) 

have observed that the nitrogen content in epitaxial layers measured using high-resolution 

X-ray diffraction (HR-XRD) decreases dramatically with increasing growth temperature 

as shown in Figure 4.3. Furthermore similar trends in HR-XRD measured nitrogen 

content vs. growth temperature has been observed for other dilute nitride alloys such as 

InAsN [31], and InSbN [32].  
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In the beginning of this work the cause for the reduction in the nitrogen content 

measured using HR-XRD was unclear. The presence of Pendellosung fringes (Figure 4.3 

(a)) and reciprocal space mapping about the 224 diffraction spot of the epitaxial layers 

indicated that the layers were indeed coherently strained. This left us with a few other 

possibilities to explain the observed reduction in nitrogen content as measured using HR-

XRD. They were: (i) the GaNSb alloy is phase segregating into cubic/wurtzite GaN and 

GaSb phases, (ii) not all nitrogen is incorporating into the film with excess nitrogen 

simply desorbing off the growth surface [33], or (iii) at high growth temperatures 

nitrogen in incorporating into non-substitutional lattice sites.  
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Figure 4.3: (a) HR-XRD scans of 100 nm GaNSb epitaxial layers with varying growth 
temperatures. The samples were grown at a rate of 0.44 µm/hr, (b) the nitrogen content 
determined from dynamical simulation fits. The measured nitrogen content decreases 
with increasing growth temperature 
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In order to check for phase segregation we carried out a wide ω-2θ symmetric 

scan using HR-XRD (Figure 4.4). The lack of any other peaks related to cubic/wurtzite 

GaN indicates that phase segregation is not the cause for the anomalous drop in nitrogen 

content measured using HR-XRD. Next we carried out secondary ion mass spectrometry 

(SIMS) measurements on a sample containing two GaNSb films grown at widely 

different temperatures of 310 °C and 410 °C. We used the sample structure shown in 

Figure 4.5 (a) in order to avoid any run-to-run variation in the nitrogen content. From 

SIMS depth profile (Figure 4.5 (b)) we observe that the total nitrogen content in the two 

films grown at different temperatures is nominally the same. This shows that 

temperature-activated nitrogen desorption from the growth front is not the cause for the 

reduction in HR-XRD measured nitrogen content (Figure 4.3). However, SIMS is not 

 

Figure 4.4: HR-XRD scan of a 100 nm GaNSb film grown at 410 °C over a large range 
of angles. The absence of any other peaks indicates the absence of phase segregation in 
the epitaxial layer. 
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sensitive to the lattice location of the nitrogen atoms. It is worthwhile to note form Figure 

4.5 (b) that a significant concentration of nitrogen is incorporated into the sample even 

though the nitrogen shutter was nominally closed. This unintentional background 

incorporation of nitrogen is significant when it comes to explaining some of the features 

that we see in low temperature PL spectra of GaSb-based dilute-nitrides. We will look 

into this in more detail in a later section. We will also discuss techniques to minimize the 

background nitrogen incorporation by optimizing the plasma lighting technique and also 

by modifying the plasma source itself. 

The sole remaining possibility was the non-substitutional incorporation of 

nitrogen atoms with increasing growth temperatures. In order to determine the lattice 
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Figure 4.5: (a) Sample structure used for SIMS measurements, (b) SIMS depth profile 
of the sample indicating that the total nitrogen content is nominally identical between 
the two layers grown at different temperatures 
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location of nitrogen atoms we used nuclear reaction analysis (NRA) and Rutherford 

backscattering (RBS) to determine the lattice location of various atoms in the GaNSb 

epitaxial layers. RBS can be used to quantify the elemental composition of a sample. For 

single crystalline samples, the fraction of atoms occupying interstitial sites can be 

determined by comparing the backscattering yield when the 4He2+ ion beam is aligned 

along one of the crystallographic directions (<100>, <110> or <100>) with the 

backscattering yield for a random orientation of the ion beam. The backscattering yield 

from nitrogen is relatively weak due to the low atomic mass of nitrogen [34]. In order to 

determine the nitrogen content a flavor of RBS know as nuclear reaction analysis is used.  

In NRA, the 4He2+ incident ions trigger a nuclear reaction represented by 

14N(α,p)17O, where the 4He2+ particles react with the nitrogen atoms leading to the 

formation of 17O isotope of oxygen and releasing a proton. The emitted proton is detected 

to determine the concentration of nitrogen in the samples. A 150 mm2 passivated 

implanted planar silicon (PIPS) detector with a 3x12 mm slit was used to detect the 

emitted protons at 135° with respect to the incident beam. A 25 µm thick mylar foil was 

placed in front of the detector to absorb the backscattered alpha particles. RBS spectra 

were also obtained simultaneously at 168° with another PIPS detector. Again by 

comparing the NRA yields along the different channeling vs. random orientations, we can 

simultaneously determine the total nitrogen content and the interstitial nitrogen content in 

a sample. 
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The results of the NRA measurements are summarized in Figure 4.6. As we can 

see, the total nitrogen content is independent of the growth temperature, which agrees 

well with the results of the SIMS measurements shown previously in Figure 4.5. On the 

other hand, the substitutional nitrogen fraction decreases monotonically with increasing 

growth temperature, which means that a significant fraction of nitrogen atoms is 

incorporating in interstitial lattice sites at high growth temperatures. It has been 

speculated that in the case of InNSb, the interstitial nitrogen is in the form of N-N and N-

Sb split interstitials [35], [36], [32]. Similarly in the case of GaAs-based dilute-nitrides 

split-interstitials (N-N and N-As) have been speculated to be the cause of the deviation 

from Vegard’s law at high nitrogen mole-fractions (>3%) [37], [38]. However in the case 

of GaNSb, we observed that the NRA channeling yields from all the different channeling 
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Figure 4.6: NRA results showing that the total nitrogen content is independent of 
temperature while the substitutional nitrogen decreases with increasing growth 
temperature. 
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directions are similar. This is indicative of the interstitial nitrogen existing as random 

bubbles, not likely bonded to the GaSb host.  

It is clear from the NRA measurements that in order to maximize the 

incorporation efficiency of substitutional nitrogen we need to reduce the growth 

temperature. By reducing the growth temperature we are kinetically suppressing the 

incorporation of nitrogen into interstitial sites. But lowering the growth temperature 

below 300 °C is not feasible as the excess antimony stops desorbing off the growth 

surface and starts forming metallic antimony degrading the quality of the epitaxial layer.  

Yet another variable for kinetically limited growth is the growth rate. By 

increasing the growth rate to 1 µm/hr (Figure 4.7). the gap between total nitrogen and the 

substitutional nitrogen as measured using NRA decreases indicating that a higher fraction 
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Figure 4.7: Nitrogen content measured using NRA for GaNSb epitaxial layers grown at a 
higher growth rate of 1 µm/hr. The gap between total and substitutional nitrogen is 
further reduced demonstrating that a higher growth rate can kinetically limit interstitial 
nitrogen. 
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of nitrogen is being incorporated into substitutional lattice sites. We can further see this 

trend in the nitrogen content measured using HR-XRD vs. growth temperature for two 

different growth rates (Figure 4.8).  

With decreasing growth temperature the nitrogen content measured using HR-

XRD decreases monotonically for the lower growth rate, however for the higher growth 

rate the nitrogen content is relatively higher at high temperatures and then with 

decreasing growth temperature starts to roll over and plateau. This shows that higher 

growth rates and lower growth temperatures can indeed kinetically suppress 

incorporation of interstitial nitrogen. We propose an optimal growth space, illustrated in 

Figure 4.9, for minimizing the incorporation of interstitial nitrogen. This optimal growth 

space is a nitrogen supply-limited growth regime where the substitutional incorporation 
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Figure 4.8: Nitrogen content measured using HR-XRD vs. growth temperature for two 
different growth rates. For the higher growth rate, with reducing growth temperature the 
nitrogen content starts to roll over and plateau. 
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efficiency is unity. High-quality GaAs-based dilute nitrides are indeed grown in this 

supply-limited regime [39].  

4.3 Photoluminescence studies on GaSb-based dilute-nitrides 

Although GaSb-based dilute-nitrides have been investigated for about 10 years 

now, the luminescence efficiency has been somewhat of a challenge. Prior to this work 

PL for this material system had been observed only at low temperatures [40], [41], [42] 

and the only other report of room temperature PL was measured using sophisticated 

ultrafast upconversion techniques which is used to study material systems with 

picosecond scale carrier lifetimes [43]. This indicates that nitrogen incorporation leads to 

the formation of fast non-radiative recombination centers degrading the radiative 

efficiency of GaSb-based dilute-nitrides. As we have seen in the previous section, non-

optimal growth conditions can lead to a significant fraction of nitrogen atoms to be 

Figure 4.9: Illustration of the optimal MBE growth space for maximizing substitutional 
nitrogen content. 



 50 

incorporated into non-substitutional sites. Interstitial nitrogen has been shown to be one 

of the factors for the poor luminescence efficiency of GaAs-based dilute-nitrides [38].  

4.3.1 GaInSb(N)/GaSb proof-of-concept QWs 

Our initial approach to improving the luminescence efficiency of GaSb-based 

dilute-nitrides was to minimize the incorporation of interstitial nitrogen. We grew 

samples consisting of 10 nm thick GaIn0.3Sb(N) QWs with GaSb barriers (Figure 4.10 

(b)) for PL studies. The growth temperature was 320 °C and the QW growth rate was 1.1 

µm/hr to make sure that the growth conditions were within the optimal growth space as 

mentioned in the previous section. The Sb/group-III BEP ratio was 2.3. A nitrogen free 

GaIn0.3Sb control QW with GaSb barriers was also grown which was identical in all 

respects except that it did not contain any nitrogen.  
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Figure 4.10: (a) Room temperature PL spectrum from a GaInSb(N) QW and a nitrogen-
free control QW. The spectrum from the GaInSb(N) QW has been multiplied by a factor 
of 5. (b) Sample structure used in this study. 
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In order to maximize the chances of observing PL, the nitrogen content in the 

sample was further reduced by opening the nitrogen shutter for only 5 Å at the middle of 

the GaInSb(N) QW. We were able to observe room temperature PL spectrum from these 

samples (Figure 4.10 (a)). An AlSb carrier-blocking layer was inserted near the surface to 

prevent surface recombination of photogenerated electron-hole pairs. As we can see from 

the PL spectrum, the emission peak at 2.4 µm from the GaInSb(N) QW is redshifted with 

respect to the nitrogen free QW which is indicative of the nitrogen induced redshift in 

bandgap. 

Although we were able to observe PL at room temperature, the signal was pretty 

weak which is indicative of the fact that the radiative efficiency needs to be improved 

significantly to make this a feasible active region for GaSb-based diode lasers. These set 

of samples were grown as a proof-of-concept structures to demonstrate that optimized 

growth conditions can significantly improve the luminescence efficiency of GaSb-based 

dilute-nitrides.  

Low temperature PL measurements carried out on these samples at 77 K is shown 

in Figure 4.11. Comparing the 77 K PL spectra (Figure 4.11) with the room temperature 

PL spectra (Figure 4.10 (a)) we can see that the emission peak for the nitrogen free 

GaInSb control QW shifts to shorter wavelengths (from 2.2 µm to 2.0 µm) as expected 

with decreasing measurement temperature. This can be attributed to the well known 

increase in semiconductor bandgap with decreasing temperature [44], [45]. But for the 

case of GaInSb(N) QW it appears that the peak emission wavelength is more or less 

independent of the measurement temperature. This is inconsistent with the previous 



 52 

reports of temperature dependence of GaNSb absorption edge which showed that GaNSb 

bandgap is indeed temperature dependent and that it blueshifts with decreasing sample 

temperature [43]. The origin of the temperature independence of the emission peak is 

likely due to the fact that the emission is from excitons bound to nitrogen clusters in the 

alloy. Similar nitrogen clusters and nitrogen pairs are attributed to several temperature 

independent PL emission peaks in ultra-low concentration GaAsN alloys [46].  

We believe that the low growth temperature required for maximizing 

substitutional nitrogen content leads to the formation of these nitrogen clusters since the 

low growth temperature does not promote a random distribution of nitrogen atoms. The 

nitrogen clusters introduce energy levels throughout the bandgap of GaSb [47]. The cause 

for the poor luminescence efficiency in this material system is likely due to these energy 

levels introduced by the nitrogen cluster states. As we will see in the next chapter these 
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Figure 4.11: 77 K PL spectrum from a GaInSb(N) QW (multiplied by a factor of 25) and 
a nitrogen free control QW.  
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nitrogen clusters can be annihilated with thermal annealing. 

Yet another interesting feature in Figure 4.11 is the emission peak centered 

around 1.8 µm for the GaInSb(N) sample. The origin of this peak was not initially clear 

since we do not see any sign of this peak in the room temperature spectra. It is clear 

though that this peak is related to the presence of nitrogen in the sample since this peak is 

completely absent in the PL spectrum from the nitrogen-free control sample. Moreover 

this peak has a very weak dependence on measurement temperature (Figure 4.12); with 

increasing temperature the position of the peak does not change but the peak intensity 

decreases monotonically. As we have mentioned in chapter 2, the nitrogen plasma was 

struck during the buffer growth in order for the plasma to stabilize and reach a steady 

state. During this period even though the plasma was lit and the nitrogen shutter was kept 

closed, a small fraction of reactive nitrogen ends up getting incorporated in the epitaxial 
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Figure 4.12: Temperature dependent PL spectra for a GaInSb(N) QW. The position of the 
emission peak at 1.8 µm is relatively independent of measurement temperature indicative 
of the fact that this peak is associated with localized states. 
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layer. We can see this from the SIMS profile in Figure 4.5, which indicates that the 

nitrogen shutter is not 100 % effective in blocking all the reactive nitrogen.  

In order to check if this background nitrogen was the cause for the emission peak 

at 1.8 µm, we grew a set of samples where the plasma was struck at different distances 

from the lower interface of the GaInSb(N) QW. Thus, for the sample where the plasma 

was struck closer to the lower interface of the QW, there should be less background 

nitrogen being incorporated into GaSb QW lower barrier. What we see, from Figure 4.13, 

is that the intensity of the emission peak at 1.8 µm indeed becomes weaker with 

decreasing distance between the point of striking the plasma and the lower interface of 

the QW. Therefore it is clear that the peak at 1.8 µm is due to excitons bound to states 

associated with isolated substitutional nitrogen atoms. Moreover we can also see that the 
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Figure 4.13: 77 K PL spectra from a series of GaInSb(N) QW samples where location of 
striking the nitrogen plasma (x) with respect to the lower QW interface is varied. 
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intensity of peak at 2.4 µm increases when the background nitrogen incorporation into 

the GaSb QW barriers is minimized indicating that the background nitrogen is trapping 

electron-hole pairs before they reach the QW thereby reducing the injection efficiency 

into the QW. Therefore minimizing this unintentional background nitrogen incorporation 

is important for improving the injection efficiency into the QW. 

In order to minimize the background nitrogen incorporation, we need to minimize 

the time the plasma is operational before the start of the QW growth. First, we need to 

minimize the time taken by the plasma to stabilize. We were able to do this by increasing 

the pressure inside the plasma chamber of the nitrogen RF plasma source, achieved by 

upgrading to a newer design of the plasma chamber. The newer chamber incorporated a 

closed chamber design, which replaced the previous two-piece design consisting of an 

aperture plate and the plasma chamber. The newer closed chamber eliminates the small 

gap between the aperture plate and the plasma chamber increasing the pressure inside the 

plasma chamber. Furthermore the aperture itself was modified from four 2 mm openings 

to four 200 µm openings. Decreasing the aperture size further increased the pressure 

inside the plasma chamber. With the overall increase in plasma chamber pressure, the 

overall time required for the plasma to stabilize was significantly reduced.  

To further reduce the background incorporation of nitrogen, the plasma lighting 

routine was modified as mentioned in chapter 2, where the plasma was lit in the H-mode 

and then the plasma power was quickly turned down to switch the plasma to E-mode. In 

the E-mode, the cracking efficiency of the plasma source is dramatically reduced, which 

reduces the flux of active nitrogen species being generated while at the same time since 
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the nitrogen flow is on, it lets the pressure inside the plasma chamber to stabilize. About 

60 s before the start of the QW growth the plasma power is quickly increased to switch 

the plasma back to H-mode. Incorporating these two modifications, one in the design of 

the source and the other in the plasma lighting procedure, we were able to significantly 

reduce the amount of background nitrogen.  

4.3.2 GaInAsSb(N)/GaSb QWs  

As we have seen in chapter 3, the material system that we adopted to extend the 

emission wavelength of GaSb-based diode lasers involved the use of GaIn0.55AsSb/GaSb 

QWs. The nitrogen-free control QW has an emission peak around 3.4 µm. In order to 

look at the possibility of extending the emission wavelength of this QW material system 

we incorporated nitrogen into these QWs. The growth was carried out at a growth rate of 

1.1 µm/hr and the growth temperature was 320 °C. Again we used the same shuttering 

scheme, with the N shutter being opened for 5 Å towards the middle of the 100 Å QW. 

With these set of samples we did not use an AlSb carrier-blocking layer since the QW 

confinement was high enough that carrier leakage was minimal. We also incorporated the 

upgraded plasma lighting routine that we outlined in the previous section to minimize the 

incorporation of background nitrogen.  

We can see from Figure 4.14 that the emission peak from the nitrogen containing 

QW is redshifted from the control QW. But we can see that the emission peak intensity 

degrades rapidly with nitrogen incorporation. Even though the nitrogen-induced redshift 
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was not significant we carried out a variety of optimization studies to improve PL 

efficiency of the GaInAsSb(N) QWs.  

One of the first studies was to look at the effect of substrate temperature on the 

luminescence efficiency. As we can see from Figure 4.15, increasing the substrate 

temperature, with all the other growth conditions held constant, the PL peak intensity 

increases. However, along with the increasing peak intensity, the peak also blueshifts. As 

we have seen earlier in this chapter, with increasing growth temperature the fraction of 

substitutional nitrogen decreases with the remaining nitrogen incorporated in interstitial 

sites. So the improvement in PL efficiency and the peak blueshift with increasing 

substrate temperature is likely due to a reduction in substitutional nitrogen fraction. 

However, the interesting fact here is that the interstitial nitrogen species is not degrading 
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Figure 4.14: Room temperature PL spectra from a nitrogen free GaInAsSb/GaSb control 
QW and a GaInAsSb(N)/GaSb QW. Note that the spectrum from the GaInAsSb(N)/GaSb 
QW has been multiplied by a factor of 10 
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the luminescence efficiency indicating that the interstitial nitrogen is not bonded to the 

host matrix at all. This agrees with our earlier observation from the NRA measurements 

that the interstitial nitrogen is likely in the form of nitrogen bubbles. 

Since the	   nitrogen content in the QW is decreasing with increasing growth 

temperature, the nitrogen dose in the samples was increased. This was done by increasing 

the duration of time for which the nitrogen shutter was open in the middle of the QW 

from 5 Å to 20 Å thereby increasing the nitrogen dose while keeping the total thickness 

of the QW the same. As we can see from Figure 4.16, increasing the nitrogen dose retains 

the redshift in the emission peak, but this is also accompanied by a decrease in peak PL 

intensity. Nevertheless, this does demonstrate a unique technique for controlling the 

emission wavelength by adjusting the nitrogen dose in the QW. 
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Figure 4.15: Room temperature PL spectra showing the effect of growth temperature on 
luminescence efficiency of GaInAsSb(N)/GaSb QW. With increasing growth temperature 
the peak intensity increases although the peak blueshifts to shorter wavelengths 
indicating a reduction in substitutional nitrogen atoms. 
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As we have mentioned earlier in the chapter, the likely cause of the reduced 

luminescence efficiency of GaSb-based dilute-nitrides is likely due to substitutional 

nitrogen clusters, which can introduce deep levels in the bandgap. During growth a 

nitrogen adatom on the surface migrates around to find an energetically favorable lattice 

site. As the concentration of nitrogen in the epitaxial layer increases the likelihood of the 

nitrogen adatom, encountering a substitutional nitrogen atom is higher. A nitrogen atom 

in a substitutional cluster site is energetically more favorable since the cluster can distort 

the lattice around it to achieve the equilibrium group-III-N bond length.  

To test this theory we incorporated a modified nitrogen-shuttering scheme where 

the nitrogen shutter is open for only 1 monolayer (ML) (~ 3 Å) at a time. This is repeated 

6 times (yielding a total nitrogen dose close to 20 Å) resulting in a superlattice structure 
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Figure 4.16: Room temperature PL spectra showing the effect of increasing nitrogen dose 
in GaInAsSb(N)/GaSb QWs. Although the peak redshifts with increasing N dose, the 
peak PL intensity starts to degrade. 
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in the QW (as illustrated in Figure 4.17 (a)). In theory, this should eliminate the 

clustering of nitrogen in the vertical direction since a nitrogen-free spacer separates every 

nitrogen containing monolayer. As we can see from Figure 4.17 (b), compared to the case 

where the nitrogen shutter was open for 20 Å continuously in the middle of the QW this 

new shuttering scheme lead to a small, but non-negligible, improvement in PL peak 

intensity. 

After incorporating the new shuttering scheme, we next varied the As and Sb 

overpressures during the QW growth to investigate the effect of these parameters on PL 

efficiency of the QW. Varying the Sb overpressure had a negligible effect on the 

luminescence efficiency of the QW. However varying the As overpressure did show a 
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Figure 4.17: (a) Modified QW layer structure employing the new N shuttering scheme. 
(b) Room temperature PL spectra illustrating the improvement in emission intensity by 
utilizing the new N shuttering scheme. 
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trend where the PL intensity initially increased with decreasing As overpressure until an 

As overpressure of 7×10-7 Torr but then started to decrease again with a further decrease 

in As overpressure (Figure 4.18). This trend follows the effect of As overpressure on the 

nitrogen-free GaInAsSb/GaSb control QW (see chapter 3) where the initial increase in 

luminescence efficiency with decreasing As content in the QW is due to an increase in 

QW strain which improves hole confinement. However, with a further decrease in As 

overpressure, the increasing strain in the QW leads to roughening of QW interfaces. This 

leads to degradation of luminescence efficiency. 

In the case of GaAs-based dilute-nitrides it has been shown that the use of 

surfactants, such as Sb or Bi, can significantly improve the luminescence efficiency [48], 

[49], [50], [51]. Also there are reports that Sb acts as a surfactant during the growth of 

InAs-based dilute-nitrides [52]. During crystal growth, surfactant atoms continuously 

Figure 4.18: Room temperature PL spectra from a set of GaInAsSb/GaSb QWs as a 
function of As overpressure during QW growth. 
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segregate to the surface modifying the surface kinetics during growth. In the case of III-V 

growth, surfactant atoms are usually anions that have a larger atomic radius than the host 

anion. An exchange reaction between the host anion and the surfactant atom at the 

surface ensures the continuous surface segregation of the surfactant atom. In the case of 

III-As alloys both Sb and Bi can act as a surfactant, however in the case of III-Sb the only 

likely candidate to behave like a surfactant is Bi.  

To check if Bi indeed acts as a surfactant during the growth on GaSb-based 

dilute-nitrides we grew a set of samples where we varied the flux of Bi while keeping all 

other variables fixed. As we can see from Figure 4.19, in the case of GaSb-based dilute-

nitrides over the range of Bi fluxes that were investigated we observe very little change in 

luminescence efficiency. We do see an improvement in luminescence efficiency at the 

Figure 4.19: Room temperature PL spectra from a set of GaInAsSb/GaSb QWs where the 
Bi flux during growth of the QW was varied. There is very minor improvement in PL 
with increasing Bi flux. 
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highest Bi flux of 5×10-8 Torr, however Bi fluxes greater than 5×10-8 Torr lead to the 

formation of Bi droplets at the surface of the sample which rapidly degrades 

luminescence efficiency. The fact that a Bi flux did not have a significant effect on the 

luminescence efficiency is somewhat surprising and requires further investigation. 

So as we can see from Figure 4.20 (a) all the optimization studies we carried out 

did indeed improve the luminescence efficiency, but compared to the nitrogen free QW 

control sample (Figure 4.20 (b)) the luminescence efficiency is still significantly 

degraded. This shows that not all substitutional nitrogen clusters have been eliminated. 

Further optimization studies are required to investigate the feasibility of using GaSb-

based dilute-nitrides. 

  

(a) (b) 

Figure 4.20: (a) Room temperature PL spectra illustrating the effect of growth 
optimization on GaInAsSb(N)/GaSb luminescence efficiency. (b)Room temperature PL 
spectra comparing a GaInAsSb(N)/GaSb QW with a nitrogen free QW illustrating the 
need for further optimization. 
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Chapter 5: Thermal Annealing of GaSb-Based Dilute-Nitrides 

As we have seen in the previous chapter, even after optimization of the growth 

conditions there still remains a significant concentration of point defects that significantly 

degrade luminescence efficiency of GaSb-based dilute-nitrides. In the case of GaAs and 

GaP-based dilute-nitrides thermal annealing has been known to improve the 

luminescence efficiency [53], [38]. In this chapter we look into how thermal annealing 

can help improve the luminescence efficiency of GaSb-based dilute-nitrides. The effect 

of annealing on the structural and optical properties of GaSb-based dilute nitrides will be 

discussed.  

5.1 In situ annealing 

For the initial part of this study we looked into the effect of thermal annealing on 

GaInSb(N)/GaSb QWs. The sample structure is shown in Figure 5.1 (b); we added 

another AlSb carrier blocking layer between the QW and the substrate to prevent 

electron-hole pairs from diffusing to the substrate and recombining as we had seen with 

our proof of concept QWs. The growth conditions were the same as that for the proof of 

concept QW shown in the previous chapter. Two sets of samples were grown on full 2-

inch undoped GaSb substrates and the samples were cleaved into quarters and loaded 

back into the MBE system. The samples were baked in the buffer chamber one at a time 

at 350 °C for 30 minutes. Then the samples were annealed one at a time in the growth 
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chamber under an Sb ambient of 7×10-7 Torr for a duration of 30 minutes at various 

temperatures.  

From Figure 5.1 (a) it can be seen that with increasing annealing temperature, the 

peak PL intensity increases indicating that the luminescence efficiency of the QW 

improves with annealing. Along with the increase in intensity, the emission peak also 

blueshifts with increasing annealing temperature. Similar blueshift has been observed in 

the case of GaAs-based dilute-nitrides [53], [54], [55]. Figure 5.2 shows the room 

temperature PL spectra from a set of nitrogen free GaInSb/GaSb QW control samples 

that have been subjected to the same in situ annealing study as the nitrogen containing 

samples shown in Figure 5.1. As we can see, the emission peak from the control QWs 

undergoes very little blueshift with increasing annealing temperature indicating that 
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(a) (b) 
Figure 5.1: (a) Room temperature PL spectra for a set of GaInSb(N)/GaSb QW samples 
annealed at various temperatures for 30 minutes under an Sb ambient in the MBE growth 
chamber. (b) Sample structure used in this study. 
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indium out-diffusion related blueshift is a dominant effect only for the highest annealing 

temperatures. This shows that the origin of the rapid blueshift of the emission peak in the 

nitrogen containing QW with annealing is due to a rearrangement of nitrogen atoms in 

the QW. The degradation in peak emission intensity of the nitrogen free QWs for higher 

annealing temperatures will be discussed later (Figure 5.2). 

We carried out low temperature PL measurements at 77 K yielding some very 

interesting insights. One of the observations from last chapter was that the PL peak 

emission wavelength of the proof of concept GaInSb(N) QWs was independent of 

measurement temperature. We associated this to the fact that the optical emission was 

from excitons bound to substitutional nitrogen clusters. From Figure 5.3 and Figure 5.1, 

by comparing the PL measurements carried out at room temperature and at 77 K, it is 
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Figure 5.2: Room temperature PL spectra from a set of nitrogen free GaInSb/GaSb QW 
control samples annealed at various temperatures for a duration of 30 minutes under an 
Sb ambient. Note that the peak blueshifts only for the highest annealing temperature. 
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clear that the peak wavelength of PL emission peak from the as-grown GaInSb(N) QW is 

independent of the PL measurement temperature. This indicates that the optical emission 

from these samples in the as-grown state is also likely from substitutional nitrogen 

clusters. As expected, with annealing the peak PL emission starts to blueshift and also the 

peak intensity increases dramatically in both cases. Comparing Figure 5.3 and Figure 5.1, 

it can be seen that for samples that have been annealed at 500 °C and higher 

temperatures, the peak emission wavelength starts becoming dependent on measurement 

temperature which shows that for the annealed samples the emission is no longer 

associated with nitrogen clusters but is rather from band-like extended states. 

The origin of this shift in emission from localized nitrogen clusters to extended 
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Figure 5.3: PL measured at 77 K from a GaInSb(N)/GaSb QW samples at various 
temperatures for a duration of 30 minutes under an Sb ambient in the MBE growth 
chamber. 
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band-like states is likely due to the annihilation of substitutional nitrogen clusters during 

annealing. This brings about the question as to what happens to isolated substitutional 

nitrogen atoms with annealing. In order to answer this question we can look at the 

evolution of the intensity of the peak at 1.8 µm with increasing annealing temperature. 

We have shown in the previous chapter that the emission peak at 1.8 µm is due to 

excitons bound to isolated nitrogen atoms due to unintentional incorporation of nitrogen 

atoms into the lower GaSb QW barrier during growth. As we can see from Figure 5.3, the 

intensity of the peak at 1.8 µm does not change with increasing annealing temperature, 

indicating that annealing does not affect isolated substitutional nitrogen atoms.  

In the case of GaSb QW it has been shown that during annealing most of the 

atomic rearrangement takes place in the group-III sub-lattice while the group-V sub-

lattice is more or less unaffected [56]. The authors attribute the observed rearrangement 

in the group-III sub-lattice to group-III vacancy mediated diffusion. This brings us to a 

very likely explanation for annealing induced rearrangement of atoms in GaSb-based 

alloys. There are two important features that we need to explain; one is the elimination of 

nitrogen clusters during annealing, while at the same time leaving isolated nitrogen atoms 

unaffected. Let us consider a nitrogen cluster involving two N atoms bridged by a Ga 

atom. During annealing group-III vacancies are generated, when one of these vacancies 

takes the place of the bridging Ga atom of the nitrogen cluster, the two nitrogen atoms 

bond with each other and move to an interstitial site as a nitrogen molecule. But on the 

other hand in the case of isolated nitrogen atoms, such a rearrangement is not possible 
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since there are no other nitrogen atoms in the vicinity, which can bond with the nitrogen 

atom to form a molecule. This helps explain the fact that annealing can annihilate 

nitrogen clusters while leaving isolated nitrogen atoms unaffected.  

The reduction in PL intensity of the nitrogen free GaInSb/GaSb QW control 

samples with annealing displays some very interesting characteristics. One of the likely 

causes for the degradation in PL with annealing could be due to indium out-diffusion 

from the QW. This reduces the confinement of the QW leading to carrier leakage, which 

can degrade the PL emission intensity. If this were the case, then the emission 

wavelength should blueshift due to an increase in QW bandgap and also the emission 

peak (1.7 µm) from the GaSb barriers should increase due to radiative recombination 

from electron-hole pairs that have escaped from the QW. However we neither observe a 

blueshift in the emission peak form the QW nor do we see an increase in intensity of the 

emission peak from GaSb barriers. The origin of the defects that degrade the PL 

efficiency will be discussed in the subsequent section on ex situ annealing studies. 

5.2 Structural changes during annealing 

We have seen that during annealing substitutional nitrogen clusters are likely 

being annihilated. In this section we will look at the effect of annealing on the structural 

properties of dilute-nitride epitaxial layers. The sample used for this study consisted of a 

100 nm thick GaNSb film grown at a substrate temperature of 400 °C. This layer was 

capped with a 10 nm GaSb layer. The sample was grown on a full 2-inch undoped GaSb 

substrate. Post growth the samples were cleaved into quarter pieces and then three of the 
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pieces were loaded back into the MBE system. The samples were baked in the buffer 

chamber at 350 °C for a period of 30 min each. Then, the samples were loaded, one at a 

time, into the growth chamber. The samples were subjected to annealing in the growth 

chamber for a duration of 30 minutes under an Sb ambient of 7×10-7 Torr at varying 

temperatures.  

HR-XRD and NRA measurements were carried out on these samples to determine 

the nitrogen content and the lattice location of nitrogen. From the NRA measurements 

(Figure 5.4 (a)) we can see that the substitutional nitrogen fraction starts to decrease with 

increasing annealing temperature. This is also reflected in the HR-XRD plot (Figure 5.4 

(b)), which shows that the peak associated with the GaNSb layer shifts to lower angles 

for the GaNSb epitaxial layer annealed at 555 °C for 30 min compared to the as-grown 

Figure 5.4: (a) Susbtitutional nitrogen fraction as a function of annealing temperature 
measured using NRA indicating that with annealing, nitrogen moves from substitutional 
sites to interstitial sites, (b) HR-XRD scan comparing the as-grown and annealed samples 
confirming the reduction in substitutional nitrogen with annealing. 

(a)	   (b)	  
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GaNSb epitaxial layer. This implies that during annealing nitrogen atoms are moving 

from substitutional sites to interstitial sites. The nitrogen atoms that are moving to 

interstitial sites could very well have been from substitutional nitrogen clusters that are 

being annihilated as per the mechanism outlined in the previous section. However, 

neither NRA nor HR-XRD can distinguish between isolated substitutional nitrogen atoms 

and substitutional nitrogen clusters. 

5.3 Ex situ rapid thermal annealing 

As we have seen in the previous section in situ annealing can dramatically 

improve the luminescence efficiency of GaSb-based dilute-nitrides. However, in situ 

annealing is a very slow process since the samples have to be baked for 3 hours in the 

load chamber and then again baked individually in the buffer chamber for a period of 30 

minutes each. Moreover since the samples are mounted on the substrate heater in the 

MBE chamber they have to be mounted on specialized substrate holders (outlined in 

chapter 2), which preclude the possibility of arbitrarily sized samples. This leads to a very 

inefficient use of the epitaxial material grown when trying to optimize annealing 

conditions. 

However, rapid thermal annealing (RTA) is an ex situ annealing process where 

the samples are annealed for relatively short time periods of about 1 to 20 minutes. RTA 

has been used for variety of applications ranging from dopant activation to quantum well 

intermixing. A schematic of the RTA system is shown in Figure 5.5. The samples are 

simply placed on a carrier wafer, which allows the use of arbitrary sample sizes and 
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shapes. The samples are radiatively heated by a set of tungsten halogen lamps. Since a 

stack of wafers has a small thermal mass the lamps can supply enough power to rapidly 

raise the temperature of the sample enabling a quick temperature ramp up.  

The temperature feedback in our RTA system consists of an optical pyrometer 

that measures the temperature of the carrier wafer. All the samples in this study were 

annealed under an ambient of flowing nitrogen gas. The flowing nitrogen gas serves the 

dual purpose of serving as an inert ambient and also helps to cool the sample down 

rapidly at the end of the thermal annealing cycle.  

For the initial set of annealing studies we used the configuration illustrated in 

Figure 5.5 consisting of a Si carrier wafer and a GaSb proximity cap. The proximity cap 

prevents surface degradation of samples by preventing group-V loss from the surface. 

Pieces of the same sample (GaInSb(N)/GaSb QW) that was grown for the in situ 

Figure 5.5: Schematic of the RTA system. The sample is heated using tungsten halogen 
lamps and the temperature is measured using a pyrometer looking at the backing wafer. 
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annealing study were each annealed in the RTA furnace for 1 minute under nitrogen 

ambient. Figure 5.6 compares the results of in situ annealing and ex situ RTA. What we 

see is that the PL improvement from ex situ annealing is not as high as what we see from 

in situ annealing and also for higher annealing temperatures the PL efficiency peaks and 

then starts to degrade. This degradation in PL efficiency is likely due to over annealing 

and is well known in the case of the GaAs-based dilute-nitrides [57].  

We suspected that the likely cause for over annealing was due to the fact that the 

actual sample temperature was likely higher than the temperature of the Si carrier wafer. 

This is due to the fact that the samples were grown on GaSb substrates, which has a 

bandgap of 0.7 eV at room temperature while the Si carrier wafer has a bandgap of 1.1 

eV at room temperature. This means that the carrier wafer does not absorb the entire 
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Figure 5.6: PL peak intensity of GaInAs(N)/GaSb QW samples as a function of annealing 
temperature for in situ and ex situ annealing. For the ex situ RTA case the improvement 
in PL peak intensity is inferior compared to in situ annealing and also the peak intensity 
starts to degrade for high annealing temperatures. 
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radiation spectrum from the tungsten halogen lamps in the RTA. The component of the 

radiation spectrum below the bandgap of Si carrier wafer but above the bandgap of GaSb 

is transmitted through the carrier wafer unabsorbed and gets absorbed in the sample. This 

means the sample is likely getting heated to a much higher temperature than the carrier 

wafer. As we can see from the RTA schematic, the pyrometer measures the temperature 

of the carrier wafer, not the sample temperature directly.   

In order to test this theory we carried out a simple experiment where we used 

three different carrier wafers and looked at how quickly the carrier wafers heated up 

when the lamps were operated at constant power without any temperature feedback. One 

of the carrier wafers was a 3-inch diameter Si wafer, the second a 3-inch GaAs wafer 

Figure 5.7: (a) Schematic of the three carrier wafer structures. (b) Plot of temperature 
measured by the RTA pyrometer vs time under constant RTA lamp power for the three 
different carrier wafer structures. When the bandgap decreases the response of the carrier 
wafer improves rapidly. 

(a)	   (b)	  
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with a 1 µm epitaxial layer of GaSb (RT bandgap 0.7 eV) and the third a 3-inch GaAs 

wafer with a 1 µm epitaxial layer of InAs (RT bandgap 0.36 eV). These three carrier 

wafer structures are illustrated in Figure 5.7 (a). As we can see from the figure it is clear 

that the carrier wafers with the low bandgap epitaxial layers heat up much more 

efficiently than the Si carrier wafer. There are two interesting features in Figure 5.7 (b); 

one is that with decreasing bandgap of the epitaxial layers on the carrier wafers, the 

carrier wafer reaches steady state temperature quickly and secondly and more importantly 

the steady state temperature attained by the carrier wafer is higher. Due to the poorer 

temperature response of the Si carrier wafer during the RTA cycle the lamp power likely 

spikes up in order to take the carrier wafer to the required temperature. This confirms the 

fact that the samples were indeed getting over annealed due to the lower bandgap of the 

sample compared to the carrier wafer and that the pyrometer was measuring the 

temperature of the carrier wafer.  

We repeated the annealing study shown in Figure 5.6 but this time using an InAs 

on GaAs carrier wafer and a Si proximity cap. Since InAs has a smaller bandgap than 

GaAs we can see from Figure 5.8, by switching to the InAs on GaAs carrier wafer, the 

improvement in peak PL intensity with annealing is more efficient. We believe that this is 

likely due to the elimination of over annealing by switching to the InAs on GaAs carrier 

wafer ensuring that the temperature measured by the pyrometer is closer to the actual 

sample temperature. So from here on for rest of the RTA studies we used the InAs on 

GaAs carrier wafers. However we see from Figure 5.8 that the improvement in PL 

intensity after annealing is lower than in the case of in situ annealing.  



 76 

As we had done in the case of in situ annealing we also looked at the effect of ex 

situ RTA on the nitrogen free GaInSb/GaSb QW control samples. The samples were 

annealed using the InAs on GaAs carrier wafer and a Si proximity cap under nitrogen 

ambient for a period of 1 minute at varying temperatures. As we can see from Figure 5.9 

with increasing annealing temperature the peak PL intensity decreases monotonically 

however the PL peak does not blueshift indicating that the PL degradation is not due to 

indium out-diffusion from the QW. This	  behavior is very similar to what we see in the 

case of in situ annealing. Other groups have observed similar degradation in 

luminescence efficiency for GaSb-based QW structures [58], [8]. 

In order to understand the cause of this degradation in PL efficiency we need to 

look at the effect of annealing on a much simpler sample structure to eliminate the effects 
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Figure 5.8: Plot of peak intensity as a function of annealing temperature comparing in 
situ annealing with RTA using an InAs on GaAs and Si carrier wafers. 
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of indium out-diffusion and strain relaxation in a QW. So we used a much simpler sample 

structure consisting a 200 nm thick GaSb layer with two AlSb carrier-blocking layers to 

prevent non-radiative recombination of electron-hole pairs diffusing to the sample surface 

and the substrate. The sample was cleaved into 5 mm by 5 mm pieces and the pieces were 

subjected to RTA at varying temperatures under nitrogen ambient for 1 minute. A GaSb 

proximity cap and the InAs on GaAs carrier wafer were used.  

As we can see in Figure 5.10, even though the sample did not contain a QW, the 

intensity of the emission peak from the GaSb epitaxial layer degrades with increasing 

annealing temperature. This shows that during annealing point defects are being 

introduced that act as non-radiative recombination centers degrading the luminescence 

efficiency. So annealing induced change in PL efficiency is a balance between 
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Figure 5.9: RTA on GaInSb/GaSb QW control samples illustrating the degradation in 
luminescence efficiency with increasing annealing temperature. 



 78 

annihilation of nitrogen related point defects, likely nitrogen clusters, and the 

introduction of additional point defects that degrade PL efficiency.  

As mentioned earlier in this chapter, during annealing, in the case of GaSb, 

atomic rearrangement is mediated by Ga vacancies. The equilibrium concentration of Ga 

vacancies (and other native point defects) is a function of both temperature and Fermi 

level [56], [59]. Under optimized MBE growth conditions the equilibrium concentration 

of Ga vacancies in GaSb is small. However during annealing as the temperature is 

increased the Fermi level moves up towards the middle of the bandgap, which makes 

formation of Ga vacancies energetically favorable. So Ga vacancies and interstitials are 

created during annealing. The Ga vacancies mediate atomic rearrangement during 

annealing and when the temperature is lowered at the end of the annealing cycle the Ga 
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Figure 5.10: Effect of RTA on luminescence efficiency of GaSb epitaxial layers. The PL 
intensity drops with increasing annealing temperatures indicating that point defects are 
being introduced during annealing. 
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vacancies and interstitials recombine with each other. However when there is a native 

oxide at the surface of GaSb, some of the Ga interstitials are consumed by this native 

oxide layer [60], which means that at the end of the annealing cycle not all of the Ga 

vacancies can recombine.  

The concentration of Ga vacancies that are left out at the end of the annealing 

cycle depends on the thickness of the native oxide. These Ga vacancies that are left over 

at the end of the annealing cycle are the likely cause for the degradation of the 

luminescence efficiency that we observe during annealing. This mechanism is illustrated 

in Figure 5.11. This is very similar to the impurity free vacancy diffusion mediated QW 

intermixing studies [61], [62], where a layer of SiO2 deposited at the surface of the 

sample leads to group-III out-diffusion at the SiO2/III-V interface during annealing thus 

creating group-III vacancies which can diffuse into the sample to mediate QW 

intermixing. 

Figure 5.11: Schematic illustrating the injection of Ga vacancies from the sample surface 
during annealing. 
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We believe that the native oxide on GaSb serves the same purpose as the SiO2 

layer in the case of QW intermixing studies. The GaSb native oxide is thicker than other 

III-V native oxides making this effect much more prominent in the case of GaSb. In order 

to test this theory we grew a sample which was identical to the one used for the study in 

Figure 5.10 except that the surface was capped with a 30 nm layer of GaAs. In this case 

the native oxide at the surface is a thin GaAs oxide instead of a thick GaSb oxide. This 

should in theory enable annealing to a higher temperature without the introduction of a 

high concentration of Ga vacancies. As we can see from Figure 5.12 this is indeed what 

we observe. Even at an annealing temperature of 550 °C for a duration of 1 minute the 

degradation in emission peak intensity is minimal. This shows that the GaAs surface-

capping layer helps in mitigating the annealing induced degradation in luminescence 

efficiency. 
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Figure 5.12: Effect of RTA on GaSb epitaxial layer samples with a 30 nm GaAs cap at 
the surface can mitigate the annealing induced degradation in luminescence efficiency. 
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For the next set of annealing studies we incorporate both the InAs on GaAs carrier 

wafer and also a GaAs surface-capping layer.  The sample structure we used for this 

study is the GaIn0.55AsSb(N)/GaSb QW sample emitting near 3.5 µm, which is same as 

the ones where we carried out growth optimization studies. The sample structure is 

shown in Figure 5.13 (a). AlSb carrier blocking layers were incorporated between the 

GaAs layer and the QW and also between the QW and the substrate. The growth 

temperature of this sample was 417 °C and the optimized shuttering scheme (3 Å times 6) 

that we determined at the end of the last chapter. A nitrogen free GaInAsSb/GaSb QW 

(a) (b) 
Figure 5.13: (a) Sample structure used for RTA study incorporating a GaAs cap layer. (b) 
Room temperature PL spectra from GaInAsSb(N)/GaSb QW samples that have each been 
subjected to RTA for a duration of 1 minute. 
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control sample was also grown under identical growth conditions to compare the effects 

of annealing.  

The samples were subjected to RTA at varying temperatures for 1 minute. Figure 

5.13 (b) shows the results of the RTA study on the GaInAsSb(N)/GaSb QW. The 

improvement in PL with annealing is negligible until an annealing temperature of 550 °C. 

Before the implementation of the GaAs capping layer and the InAs on GaAs carrier 

wafer, annealing to such high temperature in the RTA leads to a rapid degradation in PL 

intensity rendering the sample optically dead. At an annealing temperature of 550 °C the 

PL peak intensity increases, however increasing the annealing temperature further to 600 

°C leads to a degradation of PL intensity indicating that the optimal annealing window 

Figure 5.14: Room temperature PL spectra from nitrogen free GaInAsSb/GaSb QW 
control samples; each subjected to RTA for 1 minute. 
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for this material system is narrow. We also observe that the peak rapidly blueshifts at 

these annealing temperatures. 

Figure 5.14 shows the effect of RTA on the nitrogen free GaInAsSb/GaSb QW 

control sample. As we can see, for annealing temperature lower than 550 °C the peak 

intensity shows a gradual degradation in intensity with very little blueshift in the 

emission peak indicating that the degradation is likely due to the introduction of Ga 

vacancies into the upper barrier of the QW as illustrated in Figure 5.11. However for an 

annealing temperature of 550 °C, the peak intensity degrades rapidly and also blueshifts 

indicating that the injected Ga vacancies have now reached the QW and are causing rapid 

out-diffusion of In from the QW. This rapid diffusion of In is likely due to a combination 

of high In mole fraction (55%) in the QW and the relatively high strain in the QW (~2 % 

compressive). Therefore as we have seen in the previous cases the RTA induced 

improvement in PL efficiency of dilute nitrides is a balance between annealing induced 

annihilation of substitutional nitrogen clusters and the introduction of additional point 

defects and QW structural degradation. In the case of GaInAsSb(N)/GaSb QWs we 

investigates here, the high strain coupled with the high In concentration leads to a low 

thermal budget.  

However, since the degradation mechanism is likely due to the introduction of Ga 

vacancies from the surface, introduction of a layer that has low diffusion coefficient for 

Ga vacancies can likely limit the diffusion of these vacancies to the QW. It has been 

shown that AlGaAsSb layers have a lower diffusion coefficient for group-III vacancies 

since the Al-As and Al-Sb bonds are much stronger than Ga-Sb bonds [8]. Therefore this 



 84 

degradation may likely not be a problem for laser structures since the ~1.8 µm thick 

Al0.5GaAsSb lattice matched layers can likely minimize diffusion of Ga vacancies from 

the surface of the sample. 
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Chapter 6: Summary 

Over the course of this dissertation we have explored two different approaches to 

extending the emission wavelength of GaSb-based type-I QW diode lasers. One is a 

conventional approach based on highly strained GaInAsSb/GaSb QWs. Through careful 

optimization of MBE growth conditions we were able to incorporate up to 2.45 % 

compressive strain in GaInAsSb/GaSb QWs, one of highest reported strain in literature to 

date for this material system. We were able to demonstrate electrically injected diode 

lasers based on this active region operating in pulsed mode at a wavelength of ~3.4 µm 

(Figure 6.1). Previously the longest operating wavelength achieved based on this active 

region was 3.0 µm. Preliminary PL data indicated that this paradigm of highly strained 

GaInAsSb/GaSb QWs can potentially push the emission wavelength further as illustrated 

Figure 6.1: Pulsed (200 ns/10 kHz) L-I curves from a 2.45 % compressive strained 4-QW 
GaInAsSb/GaSb diode laser operating at a wavelength of 3.4 µm. 
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in Figure 6.2 where we were able to demonstrate PL emission wavelength of 3.9 µm. 

High compressive strain can mitigate the effects of increasing Auger losses and help 

improve valence band offsets. 

An alternate approach to extending the emission wavelength is to leverage GaSb-

based dilute-nitride alloys. We have investigated the challenges associated with nitrogen 

incorporation in GaSb-based dilute-nitrides, one of them being non-substitutional 

incorporation of nitrogen and the other being the relatively poor luminescence efficiency 

of GaSb-based dilute-nitrides. We have studied the incorporation of nitrogen into GaSb 

using a variety of techniques such as HR-XRD, SIMS and NRA-RBS and have 

Figure 6.2: Room temperature PL spectra demonstrating that the emission wavelength of 
GaInAsSb/GaSb QWs can be extended up to 3.9 µm by increasing the indium content 
and the compressive strain in the QW 
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determined an optimal MBE growth space (Figure 6.3) to maximize substitutional 

nitrogen incorporation. 

Over the course of this work we have determined that the likely cause for the poor 

luminescence efficiency of GaSb-based dilute-nitrides is nitrogen substitutional clusters 

and by careful optimization of the growth conditions we are able to demonstrate the first 

room temperature photoluminescence spectrum for this material system. Nitrogen 

clusters are preferentially formed over isolated nitrogen due to the large mismatch in 

physical properties between the host anion antimony and nitrogen. We also demonstrate 

that post-growth thermal annealing can eliminate a significant fraction of the 

substitutional nitrogen clusters thereby improving the luminescence efficiency.  

 

Figure 6.3: Optimal MBE growth space for maximizing substitutional nitrogen fraction. 
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However, as we can see from Figure 6.4 the luminescence efficiency of nitrogen 

containing GaInAsSb(N)/GaSb QW is significantly inferior to a nitrogen free 

GaInAsSb/GaSb QW. Therefore further optimization is necessary to improve the 

luminescence efficiency of GaSb-based dilute-nitrides before they can be incorporated 

into GaSb-based diode laser active regions. One of the pathways is to improve the 

thermal budget of the active region to leverage the benefits of post-growth thermal 

annealing to annihilate nitrogen related non-radiative recombination centers. 

  

Figure 6.4: Room temperature PL spectra from a GaInAsSb(N)/GaSb QW and a nitrogen 
free GaInAsSb/GaSb QW illustrating that the luminescence efficiency still needs to be 
improved significantly 
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