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ABSTRACT 
 

Infrared photodetectors, used in applications for sensing and imaging, 

such as military target recognition, chemical/gas detection, and night vision 

enhancement, are predominantly comprised of an expensive II-VI material, 

HgCdTe.  III-V type-II superlattices (SLs) have been studied as viable alternatives 

for HgCdTe due to the SL advantages over HgCdTe: greater control of the alloy 

composition, resulting in more uniform materials and cutoff wavelengths across 

the wafer; stronger bonds and structural stability; less expensive substrates, i.e., 

GaSb; mature III-V growth and processing technologies; lower band-to-band 

tunneling due to larger electron effective masses; and reduced Auger 

recombination enabling operation at higher temperatures and longer wavelengths.  

However, the dark current of InAs/Ga1-xInxSb SL detectors is higher than  that of 

HgCdTe detectors and limited by Shockley-Read-Hall (SRH) recombination 

rather than Auger recombination.  This dissertation work focuses on InAs/InAs1-

xSbx SLs, another promising alternative for infrared laser and detector 

applications due to possible lower SRH recombination and the absence of 

gallium, which simplifies the SL interfaces and growth processes.   

InAs/InAs1-xSbx SLs strain-balanced to GaSb substrates were designed for 

the mid- and long-wavelength infrared (MWIR and LWIR) spectral ranges and 

were grown using MOCVD and MBE by various groups.  Detailed 

characterization using high-resolution x-ray diffraction, atomic force microscopy, 
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photoluminescence (PL), and photoconductance revealed the excellent structural 

and optical properties of the MBE materials.   

Two key material parameters were studied in detail: the valence band 

offset (VBO) and minority carrier lifetime.  The VBO between InAs and InAs1-

xSbx strained on GaSb with x = 0.28 – 0.41 was best described by Qv = ΔEv/ΔEg = 

1.75 ± 0.03.  Time-resolved PL experiments on a LWIR SL revealed a lifetime of 

412 ns at 77 K, one order of magnitude greater than that of InAs/Ga1-xInxSb 

LWIR SLs due to less SRH recombination.  MWIR SLs also had 100’s of ns 

lifetimes that were dominated by radiative recombination due to shorter periods 

and larger wave function overlaps.  These results allow InAs/InAs1-xSbx SLs to be 

designed for LWIR photodetectors with minority carrier lifetimes approaching 

those of HgCdTe, lower dark currents, and higher operating temperatures. 
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1. INTRODUCTION 

 Infrared photodetectors are useful for many sensing and imaging 

applications, including chemical/gas detection and identification, industrial 

automation and electrical wiring/thermal loss diagnostics, night vision 

enhancement for aviation, automobiles, and heavy equipment, astronomy, 

airborne spectroscopy, and military target acquisition and identification.  Several 

direct bandgap materials are used to cover the infrared range, such as InSb, 

PbSnTe, and HgCdTe, but HgCdTe is the most prominent material today for the 

mid-wavelength and long-wavelength infrared (MWIR and LWIR) ranges and has 

been studied since the 1960s.  The composition can be tuned to cover the optical 

spectral range 1-20 μm, and after being investigated for over 50 years, the 

material crystalline quality has substantially improved, the doping is accurately 

controlled, and the surfaces and band structure are well understood [1].  The 

minority carrier lifetime of state of the art LWIR HgCdTe detectors is limited by 

intrinsic Auger recombination [2], and the small effective mass results in a lower 

limit of tunneling currents that may practically limit the longest detectable 

wavelength to 20 μm [1]. 

 Type-II superlattices (T2SL) enable bandgap engineering which results in 

larger effective masses and greater Auger recombination suppression than in 

HgCdTe, giving T2SLs the potential to reach longer wavelengths and to operate 

at higher temperatures [1].  These T2SLs enable energy transitions that are 

smaller than the bandgaps of the constituent materials, even far beyond the 

smallest bandgap of any unstrained bulk III-V material, which is 9 μm for 
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InAs0.39Sb0.61 at 77 K [6].  The following advantages make III-V SL 

photodetectors viable alternatives for expensive HgCdTe infrared detectors: 

greater control of the alloy composition, resulting in more uniform materials and 

cutoff wavelengths across the wafer [7]; stronger bonds and structural stability 

[8]; less expensive, closely lattice-matched substrates, i.e., GaSb [9]; mature III-V 

growth and processing technology [9]; lower band-to-band tunneling due to larger 

electron effective mass [7];  and strain band edge engineering in combination with 

larger effective masses reducing Auger recombination [7, 9-11].   

T2SLs have been extensively investigated for infrared applications since 

their initial proposal [3, 4], and the first InAs/Ga1-xInxSb SL experimental 

demonstration [5].  Recently, MWIR and LWIR focal plane arrays using 

InAs/Ga1-xInxSb SLs have been demonstrated by several groups [12-16].  The 

dark current of InAs/Ga1-xInxSb SL detectors is decreasing and approaching that 

of HgCdTe detectors [9, 2], but the minority carrier lifetime of the InAs/Ga1-

xInxSb SLs is limited by Shockley-Read-Hall (SRH) recombination and the 

background carrier concentration is considerably higher than that of HgCdTe 

[17].  For high performance photodetectors, the normalized thermal generation 

rate, which is proportional to the thermal carrier concentration and inversely 

proportional to the carrier lifetime and absorption, must be minimized to increase 

the signal to noise ratio [1].  Thus, longer carrier lifetimes and lower background 

carrier concentrations are desirable. 

InAs/InAs1-xSbx SLs represent another alternative for infrared laser and 

detector applications [18] due to possible lower SRH recombination [19] and the 
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absence of gallium (Ga), which simplifies the SL interfaces and the growth 

process [20, 31, 33].  An ideal theoretical comparison of a 10-μm InAs/InAs1-xSbx 

SL with an 11-μm InAs/Ga1-xInxSb SL on GaSb substrates revealed that the 

performance of the InAs/Ga1-xInxSb SL only slightly exceeds that of the 

InAs/InAs1-xSbx SL so that the real distinction between choice of materials will 

possibly come from practical, growth-related variations [19].  With the major 

improvements in molecular beam epitaxy (MBE) and metalorganic chemical 

vapor deposition (MOCVD) technologies in the last couple of decades, it is an 

ideal time to investigate the InAs/InAs1-xSbx SL system experimentally using both 

methods.  MOCVD technology compared to MBE has very high throughput, 

which is desirable for mass production, and thus is worth investigating despite it 

being a challenge to grow high-quality antimonides compared to MBE at present.   

To be suitable for infrared detectors, high-quality materials that are several 

microns thick are necessary, which can be achieved via strain-balancing the 

individual SL layers on the substrate to minimize misfit dislocations.  Despite 

GaSb substrates being the best choice for strain-balancing InAs/InAs1-xSbx SLs 

without complicated metamorphic buffer layers, the growth of InAs/InAs1-xSbx 

SLs on GaSb is the least reported, with only a couple of demonstrations of MBE-

grown [21, 33] and MOCVD-grown SLs [20, 22].  GaSb is the ideal substrate for 

strain-balancing InAs/InAsSb SLs due to its lattice constant being between that of 

the two layers, eliminating the need for complicated metamorphic buffer layers, 

and thus simplifying the growth process [20].  As the Sb concentration in the 

InAs1-xSbx layer increases, the strain of the layer on GaSb increases, making the 
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growth more difficult; but reaching LWIR wavelengths (8 – 12 μm) requires 

higher Sb concentrations to maintain larger electron-hole wave function overlaps 

for stronger absorption.  This study sought to investigate InAs/InAs1-xSbx T2SLs 

with higher Sb concentrations of x ≤ 0.41 which had not been previously 

explored.  First, however, a review of the previous work on InAs/InAs1-xSbx 

T2SLs will be given. 

1.1 A brief history of InAs/InAs1-xSbx superlattices 

Figure 1 gives a brief history of antimonide SLs and the InAs/InAs1-xSbx 

SL in the form of a timeline.  The semiconductor SL, a periodic one-dimensional 

variation in the semiconductor potential or band structure due to doping [35] or 

heterostructures, was first proposed in 1970 by Esaki and Tsu [3].  Electron 

tunneling through the periodic potential barriers and the large period with respect 

to the lattice constant, which reduced the size of the Brillouin zone, sparked great 

interest in the unique transport properties of SLs.  The development of MBE in 

the early 1970’s enabled GaAs/AlGaAs type-I SLs to be experimentally 

investigated due to the accurate control of atomic layer growth, leading to abrupt 

interfaces between different materials [36].  Type-II staggered and broken-gap 

SLs, based on InAs/GaSb and In1-xGaxAs/GaSb1-yAsy, with the conduction band 

in GaSb strongly interacting with the valence band in InAs, were introduced in 

1977 [4] and first experimentally demonstrated in 1978 [5].  These SLs show a 

strong dependence of the bandgap on the layer thicknesses and require Bloch 

wave function solutions rather than plane wave solutions, unlike the previously  
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proposed SLs with noninteracting conduction and valence bands between the two 

materials.  The bandgap varying independently of the lattice constant by changing 

the layer thicknesses was a novel property of SLs compared to bulk materials 

[37]. 

The CdTe/HgTe SL was suggested for an infrared detector material [7] 

due to its many advantages over bulk HgCdTe: i) shorter tunneling length, 

defined as the length for wave function exponential decay in forbidden energy 

regions, suggested less band-to-band tunneling across pn junctions; ii) less 

fractional precision required for the SL layer thicknesses than the alloy 

composition for the same cutoff wavelength tolerance; and iii) higher electron 

effective mass perpendicular to the SL layers reduced electron diffusion and p-

region diffusion currents in photovoltaic detectors [10].  These advantages were 

significant for arrays of photovoltaic detectors for infrared imaging and were 

expected to hold true for other small bandgap zinc blende semiconductors, such as 

InAs and InSb, that also have very small electron effective masses and large 

tunneling lengths [10].   

With these advantages in mind, InAs0.4Sb0.6/InAs1-xSbx strained-layer 

superlattices (SLSs) were theoretically proposed for LWIR detectors as a 

competitor to bulk HgCdTe [23].  The LWIR (8 – 12 μm) window was of interest 

for detectors due to its minimal atmospheric absorption and high room 

temperature blackbody radiation flux.  These SLSs had the advantages of III-V 

metallurgy and device processing and less bandgap dependence on the 

composition, which offered better material uniformity for focal plane arrays.  
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Auger recombination may also be reduced due to the increased electron effective 

mass and the substantial splitting of the light- and heavy-hole bands due to strain 

[11].  At the time of this proposal, conventional bulk III-V materials were not 

expected to cover the entire 8 – 12 μm range, with InAs0.39Sb0.61 having the 

longest cutoff wavelength of 9 μm at 77 K, but a more recent study found a longer 

wavelength for InAs0.39Sb0.61 of 11.4 μm at 77 K [38].  Several InAs0.4Sb0.6/InAs1-

xSbx SLS designs with x > 0.73 could have effective bandgaps reaching 12 μm for 

the conduction-to-light-hole transition in the InAs0.4Sb0.6 layer [6].  This was a 

spatially direct transition in one layer of the SL (the spatially indirect type-II 

electron-to-heavy-hole transition was mentioned but not treated ).  An additional 

advantage of the III-V SLS over the II-VI bulk HgCdTe is the increased bond 

strength and structural stability shown by the difference in the microhardness 

values (InSb 220, InAs 330, and Hg0.8Cd0.2Te 37 kg/mm2) and shown indirectly 

by the growth temperatures (SLS 425 – 475 ºC) versus HgCdTe 200 ºC) [8].  The 

importance of the structural strength advantage is expected to appear in the device 

yield, reliability, and radiation tolerance [8].  

Unlike the initially proposed SLs, SLSs are not composed of lattice-

matched (mismatch less than 0.1%) materials, which introduces strain as an 

additional variable affecting the SL bandgap [23].  Lattice mismatch up to 7% can 

be accommodated without dislocation formation if the layers are thin enough [39].  

The thickness of the layers is limited by the critical thickness, above which misfit 

dislocations occur and degrade the material quality [40].  Graded buffer layers 

have been used to generate the average lattice constant of the free-standing SL to 
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reduce the dislocations generated at the substrate-SL interface [39, 41], but this 

complicates the structure growth.  The strain effects that can lower the 

superlattice bandgap are in competition with the quantum size effects that 

increase the SL bandgap as the layers become thinner.  Thinner layers allow 

greater overlap between the electron and hole wave functions for these type-II 

SLs. 

Some researchers chose to invest in InAs/InxGa1-xSb SLSs instead of 

InAsxSb1-x/InSb SLs because the InAsxSb1-x/InSb SLs required comparatively 

thick periods (75 Å vs 40 Å [11]) to reach the far infrared [29].  Thicker layers 

decrease the wave function overlap, as the spatial separation between electrons 

and holes is increased, and degrade the optical absorption [29], which is 

proportional to the wave function overlap and the density of states.  However, the 

InAs/InxGa1-xSb and InAs/InAsxSb1-x SL material systems have many similarities: 

both i) can be lattice-matched to GaSb; ii) can cover 8-14 μm; iii) use an intrinsic, 

type-II, spatially indirect, valence-to-conduction band transition for absorption 

[11]; and iv) use strain to reduce the SL bandgap [29].  A theoretical comparison 

of an ideal 10 μm (70.7 Å) InAs/(21Å) InAs0.61Sb0.39 SL and an 11 μm (39.8 Å) 

InAs/(15 Å) In0.4Ga0.6Sb SL on a GaSb substrate cited even more similarities: i) 

suppressed band-to-band Auger recombination; ii) InAs and GaSb have similar 

lattice constants, as well as InxGa1-xSb and InAs1-xSbx having similar lattice 

constants for the same x; and iii) similar heavy-to-light-hole band splitting [19].  

The InAs/InAs1-xSbx SL may have the advantage of fewer mid-gap states for SRH 

recombination if the intrinsic point defect levels in InAs-rich alloys are indeed in 
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or near the conduction band instead of in the middle of the bandgap [19, 42].  The 

theoretically calculated absorption was higher, approximately 2000 cm-1 versus 

1500 cm-1, in the InAs/In0.4Ga0.6Sb SL than in the InAs/InAs0.61Sb0.39 SL due to its 

thinner layers and thus larger wave function overlap and larger optical matrix 

element [19].  However, an absorption coefficient of 1500 cm-1 does not rule out 

the InAs/InAs1-xSbx SL as an LWIR photodetector material.  In fact, the authors 

claimed the theoretical performance of the InAs/InxGa1-xSb SL only slightly 

exceeds that of the InAs/InAs1-xSbx SL and thus the real distinction may come 

from practical, growth-related variations since SRH recombination was neglected 

in the comparison [19]. 

In the past fifteen to twenty years, the technology involved in MBE and 

MOCVD growth has changed and been greatly improved.  With improved growth 

capabilities, it is reasonable to further investigate the InAs/InAs1-xSbx SL on GaSb 

substrates to see if they are indeed comparable to InAs/InxGa1-xSb SLs for MWIR 

and LWIR photodetectors.  The absence of Ga in the InAs/InAs1-xSbx SL may 

simplify interface configurations and the growth process, making these SLs a 

more practical alternative technology to the InAs/InxGa1-xSb SLs for infrared 

detectors. 

Appendix A tabulates the previously studied InAs1-xSbx/InAs1-xSbx SL 

structures.  Note that only three entries in the table were grown on GaSb 

substrates, and most of the other growths used metamorphic buffer layers, 

indicating very little investigation of these SLs grown strain-balanced on GaSb 

has been done in the past.  Therefore, this study has addressed the design of 
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strain-balanced InAs/InAs1-xSbx T2SLs on GaSb (Chapter 2), the structural and 

optical characterization of MOCVD- (Chapter 3) and MBE-grown (Chapter 4) 

SLs, the valence band offset between InAs and InAs1-xSbx (Chapter 5), and the 

minority carrier lifetime of a set of InAs/InAs1-xSbx T2SLs (Chapter 6).  

Conclusions and future recommendations are given in Chapter 7. 
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2. MODELING 

The procedure used to design strain-balanced InAs/InAs1-xSbx SLs on 

GaSb with particular transition energies is shown in the flowchart in Figure 2.  

InAs/InAs1-xSbx SLs can be strain balanced on GaSb by choosing appropriate 

combinations of layer thicknesses and InAs1-xSbx compositions.  In order to 

achieve high quality materials with low misfit dislocation densities, the critical 

thicknesses [40] of InAs and InAs1-xSbx on GaSb are used as the upper limits for 

the layer thicknesses in the strain-balanced SL designs.  To attain strain-balance, 

the average in-plane stress for the tensile and compressive layer pair should be 

zero.  The zero-stress method [43], which takes the elastic constants of the layers 

into account, is used rather than the thickness-weighted method for strain- 

 
Figure 2. Flowchart describing the design process for strain-balanced InAs/InAs1-

xSbx T2SLs. 
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balancing the InAs and InAs1-xSbx layers because it is more exact; however, the 

thickness-weighted method may be sufficient in this specific case due to the 

similar Poisson ratios for InAs and InSb.  Once the strain-balanced layer 

thicknesses are known, they are used in a three-band envelope function 

approximation model [44], which includes coupling between the electrons, light 

holes, and spin-orbit split-off holes, to calculate the SL effective bandgap defined 

as the electron-to-heavy-hole transition energy.  The corresponding wave 

functions for the electron and heavy hole are used to calculate the wave function 

overlap, which allows comparison of the relative strength of the optical transition 

for different designs. 

The calculated results are highly dependent upon the material parameters 

that are entered into the model.  The InAs, InSb, and InAs1-xSbx parameters were 

taken from a comprehensive review paper with consistent sets of parameters for 

III-V materials [45].  The band alignment of InAs and InAs1-xSbx was debated for 

several years between type-I, type-IIa (electron well in the alloy layer), and type-

IIb (electron well in the binary layer).  The type-I alignment was reported for 

samples with low Sb compositions and ordering present in the InAs1-xSbx 

layer[46], which lowered the alloy’s bandgap.   The results of a first principles 

band structure calculation method paralleling a core photoemission measurement 

agreed that the type-I alignment was possible for low Sb compositions when 

ordering is present due to the small type-IIb conduction band offset [47].  

However, without ordering and in the presence of strain, the calculated alignment 

is type-IIb [47].  The opposing type-IIa alignment is supported by contradictory 
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results obtained from reduced-mass measurements [48, 49] from which the type-

IIa alignment was chosen as a better fit to the data.  Nonetheless, supporters of 

type-IIa stated that apart from interface defects interfering with the band 

alignment, a large bowing of the InAs1-xSbx valence band is necessary for the 

InAs/InAs1-xSbx type-IIb alignment to be compatible with the accepted type-II 

InAs1-xSbx/InSb alignment [49].  Recent studies using the type-IIb alignment have 

found the bowing of the InAs1-xSbx valence band to be between 60 – 70% of the 

bandgap bowing [22, 50, 51], contrary to the widely accepted expectation that the 

majority of the bowing in III-V materials occurs in the conduction band.  The 

initial calculations presented here are based on the type-IIb alignment with 65% 

of the InAs1-xSbx bandgap bowing attributed to the valence band and an InAs/InSb 

valence band offset of 0.59 eV [45]. 

The individual sections of the calculation, as shown in the flowchart, are 

discussed in more detail in the following subsections. 

2.1 Critical thickness 

When a thin layer of a material is grown on a substrate with a different 

lattice constant, the lattice misfit is accommodated by strain in the layer until a 

certain layer thickness is reached.  Above this critical thickness, dislocations 

occur to accommodate the misfit.  These dislocations negatively impact the 

electronic properties of the materials by causing undesirable energy levels in the 

crystals that degrade the device performance. 

Matthews and Blakeslee [40] developed a model to calculate the critical 

thickness using a mechanical balance between two forces: the tension in the 
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dislocation line and the stress due to the film strain.  They started with an existing 

dislocation line at the interface, and the result is the following expression for zinc 

blende (001) substrates 

 
݄ ൌ

ܽ ቀ1 െ
߭
4ቁ ቈln ቆ

√2݄
ܽ

ቇ  1

ሺ1|݂|ߨ2√  ߭ሻ
, 

(1) 

 ݂ ൌ
ሺܽ െ ܽሻ

ܽ
, (2) 

 ߭ ൌ
ଵଶܥ

ଵଵܥ  ଵଶܥ
, (3) 

where f is the layer strain when on the substrate, ao is the substrate lattice constant, 

al is the layer lattice constant, υ is Poisson's ratio, C11,C12 are the elastic constants 

of the layer, and hc is the critical thickness.  The critical thickness for various 

structures is shown in Table 1 when using Eq. (1). 

Table 1. Critical thickness values for different layer structures using Eq. (1). 
Structure Critical Thickness
Superlattice ݄ܿ 
Quantum Well ݄ܿ

2
 

Single Strained Layer ݄ܿ
4

 

 
An approximation for Matthews and Blakeslee’s expression for the 

quantum well case obtained from energy minimization is [52] 

 ݄ ൌ
ܽ
2݂
. (4) 

People and Bean calculated the critical thickness using only energy 

considerations [53] instead of mechanical forces.  Their calculations were based 

on screw dislocations having the smallest energy density of the different defects, 
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and their system had no dislocations to begin with.  The strain energy density is 

balanced with the screw dislocation energy density to obtain the critical thickness 

for single layers on zinc blende (001) substrates 

 
݄ ൌ

ܽଶሺ1 െ ߭ሻ ln ቆ√
2݄
ܽ

ቇ

ଶܽሺ1݂ߨ2√32  ߭ሻ
. 

(5) 

Downes, Dunstan, and Faux [54, 55] numerically calculated the elastic 

energy for an edge dislocation, compared the  numerical calculations to the 

Matthews-Blakeslee expression in Eq. (1), and modified the Matthews-Blakeslee 

expression for the critical thickness for generation of an edge dislocation dipole in 

a single layer on a substrate with a cap layer (quantum well) 

 
݄ ൌ

ܽ ln ቤ
√2݄
ܽ

 1ቤ

2݂ଶሺ1√ߨ4  ߭ሻ
. 

(6) 

People and Bean investigated GexSi1-x on Si substrates while Matthews 

and Blakeslee’s work was based on multi-layers of GaAs and GaAs0.5P0.5 on 

GaAs substrates.  The Matthews-Blakeslee expression for critical thickness of 

GeSi on Si resulted in smaller values than experimental results for misfit less than 

1.4% and greater values for misfits up to 3% [53].  Downes et al. agree with the 

Matthews-Blakeslee expression (Eq. 1) for an infinite strained layer with an 

infinite dislocation, but for short dislocations with end effects or for small critical 

thicknesses (i.e. hc divided by the Burgers vector ≤ 20), they state Eq. (1) is not 

valid.  In fact, the Matthews-Blakeslee expression is double-valued for strains less 

than ~0.03 and may not give results at all for larger strains.  For strain higher than 
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0.01, the Matthews-Blakeslee expression did not agree with their calculations due 

to only one dislocation being considered in the derivation rather than the 

interaction of the two dipole dislocations. 

Understanding the applications and limitations of the different critical 

thickness expressions leads to using the critical thickness calculations as a 

guideline rather than a specific rule.  Experimentally, the critical thickness may be 

higher than the calculated value, but to be conservative, the SLs in this work are 

designed with layers thinner than the single strained layer critical thickness from 

Eq. (1).  As an example, consider the critical thicknesses of InAs and InSb on a 

(001) GaSb substrate at 300 K as shown in Table 2.  The different methods give 

critical thicknesses that vary by an order of magnitude. 

Table 2. Critical thicknesses of InAs and InSb on (001) GaSb. 
Structure Matthews and 

Blakeslee [40] 
݄ܿ ሺ݊݉ሻ  

  ݔݎܣ
[52] 

݄ܿ ሺ݊݉ሻ 

People and Bean  
[53] 

݄ܿ	ሺ݊݉ሻ 
InAs 

Superlattice 95.4   
Quantum Well 47.7 48.8  

Single Strained Layer 23.9  361.3 
InSb 

Superlattice 5.5   
Quantum Well 2.8 5.5  

Single Strained Layer 1.4  Not solvable 
 

2.2 Strain balance 

The critical thickness limits the thickness of dislocation-free materials 

grown under strained conditions, but if two layers under alternating tension and 

compression are strain-balanced, there will be no shear forces at the interfaces to 

generate dislocations [43] and the total thickness of the repeating layers should, in 

principle, be unlimited.  Strain-balanced is defined as zero average in-plane stress 
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for the compressively/tensile strained layers [43].  The InAs and InAs1-xSbx 

superlattice layers alternate between tension and compression with equal in-plane 

lattice constants when pseudomorphically grown on GaSb [39].  The conduction 

band shifts up for layers under tensile strain and down for layers under 

compressive strain, and the degenerate valence bands at the Γ point are split, with 

the heavy hole band shifting up under compressive strain and the light hole band 

shifting up under tensile strain [56].  The equations describing the shifts in the 

band edges due to strain, ܧߜ, ,௩_ுܧߜ ,௩_ுுܧߜ  ,௩_ௌை, are given below [44]ܧߜ

∥ߝ  ൌ
ܽ
ܽ
െ 1, (7) 

 ܽୄ ൌ ܽ ൬1 െ 2
ଵଶܥ
ଵଵܥ

 ൰, (8)∥ߝ

ୄߝ  ൌ
ܽୄ
ܽ
െ 1, (9) 

 
∆Ω
Ω

ൌ ∥ߝ2  (10) ,ୄߝ

ܧ∆  ൌ 2ܾሺୄߝ െ ሻ, (11)∥ߝ

ܧߜ  ൌ ܽ
∆Ω
Ω
, (12)

௩_ுܧߜ  ൌ ܽ௩
∆Ω
Ω

ܧ∆
2
, (13)

௩_ுுܧߜ  ൌ ܽ௩
∆Ω
Ω
െ
ܧ∆
2
, (14)

௩_ௌைܧߜ  ൌ ܽ௩
∆Ω
Ω
, (15)

where ߝ∥ and ୄߝ are the parallel and perpendicular layer strains when on the 

substrate, ao is the substrate lattice constant, al is the layer lattice constant, C11, 



 

18 

C12 are the elastic constants of the layer, ac, av, are hydrostatic deformation 

potentials, and bl is a shear deformation potential of the layer. 

There are three common expressions used for strain-balancing.  The 

average-lattice method uses the thickness average of the lattice parameters for the 

compressive and tensile layers [43] 

 ܽ ൌ
ଵܽଵݐ  ଶܽଶݐ
ଵݐ  ଶݐ

. (16)

ao is the substrate lattice constant, a1, a2 are the relaxed layer lattice constants, and 

t1, t2 are the layer thicknesses.  

The thickness-weighted method uses a force balance argument resulting in 

the strain-thickness products being equivalent for the tensile and compressive 

layers 

 
ଵ߳ଵݐ  ଶ߳ଶݐ ൌ 0, 

(17) 

 
߳ ൌ

ሺܽ െ ܽሻ
ܽ

, 
(18) 

 ܽ ൌ
ሺݐଵ  ଶሻܽଵܽଶݐ
ଵܽଶݐ  ଶܽଵݐ

. (19) 

The above two methods are physically intuitive but assume that the elastic 

constants of the two layers are equal.  Accounting for the difference in elastic 

constants by using the parameter A [43], defined below for cubic lattices, 

ܣ  ൌ ଵଵܥ  ଵଶܥ െ
ଵଶܥ2

ଶ

ଵଵܥ
, (20)

the thickness-weighted expression becomes 

ଵ߳ଵݐଵܣ   ଶ߳ଶݐଶܣ ൌ 0, (21) 
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 ܽ ൌ
ሺܣଵݐଵ  ଶሻܽଵܽଶݐଶܣ
ଵܽଶݐଵܣ  ଶܽଵݐଶܣ

. (22) 

The third method is the zero-stress method, which seeks to achieve zero 

average in-plane stress for the paired compressive and tensile layers because this 

condition gives the lowest energy state [43].  Using classical elastic theory for 

cubic structures  

ଵ߳ଵܽଶݐଵܣ   ଶ߳ଶܽଵݐଶܣ ൌ 0, (23) 

 ܽ ൌ
ଵܽଵܽଶݐଵܣ

ଶ  ଶܽଶܽଵݐଶܣ
ଶ

ଵܽଶݐଵܣ
ଶ  ଶܽଵݐଶܣ

ଶ . (24) 

The thickness-weighted and zero-stress methods differ simply by the factor 
భ
మ

 due 

to the definition of strain using either the substrate (then technically defined as 

misfit instead of strain) or the average lattice constant in Eq. 9 in the denominator 

[43].  If both methods use the same strain definition, the results are equivalent. 

As a first example, consider 100 Å of InAs and 100 Å of InAs1-xSbx as the 

two layers on a GaSb substrate.  The Sb composition is calculated using the three 

methods above and the results are shown in Table 3 for 0 K.  The thickness-

weighted model accounting for the elastic constant differences is the closest to the 

zero-stress model, as expected.  It is apparent that taking the differing elastic 

constants into account makes the composition increase from 15.2 to 15.5 percent.  

This small disparity is difficult to distinguish during the practical growth of the 

device.  For a second example, consider an InAs1-xSbx layer with x = 0.30 on a 

GaSb substrate at its critical thickness of 32.2 nm.  The strain-balanced InAs 

thickness is found using the different methods with the results shown in Table 3.  
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Again, the zero-stress model and thickness-weighted model with elastic constants 

agree within ~2 nm, whereas the other two models are within ~7 and 9 nm.  In 

example 3, the thickness of the InAs1-xSbx layer with x = 0.30 is reduced to 2 nm 

to significantly decrease the SL period, and the strain-balanced InAs thicknesses 

are calculated and shown in the table.  These SL structures with 50 periods were 

simulated using the Philips X’pert Epitaxy software program to see how the 

different methods affect the expected XRD patterns.  Figure 3 shows that while 

none of the methods result in a SL zero-order (SL0) peak overlapping with the 

substrate peak, the zero-stress method SL0 peak is the closest to the substrate 

peak.  Due to the Poisson ratios of InAs (0.352) and InSb (0.353) being very 

similar, the differences between the four methods, as shown in Table 3 and Figure 

3, are practically insignificant.  Nonetheless, the SLs in this work are strain 

balanced using the zero-stress method. 

Table 3. Example calculations using the different strain-balancing methods. 

Method 
Average-

lattice 
Thickness-
weighted 

Thickness-
weighted 

with elastic 
constants 

Zero-
stress 

Example 1 xSb (%) 15.12 15.20 15.50 15.41 
Example 2 tInAs (nm) 95.7 93.8 86.9 88.7 

Example 3 
tInAsSb (nm) = 2, 

tInAs (nm) 
5.9 5.8 5.4 5.5 

 
2.3 InAs/InAs1-xSbx band alignment  

The valence band offset between InAs and InAs1-xSbx is a critical 

parameter necessary to predict the SL bandgap because it, along with the 

bandgaps, determines how the valence and conduction bands align in energy.  The 

band alignment of InAs and InAs1-xSbx has been debated for years between type-I, 
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type-IIa (electron well in the InAs1-xSbx (alloy) layer), and type-IIb (electron well 

in the InAs (binary) layer). Figure 4a schematically shows these different  

 
Figure 3. Simulated X-ray diffraction (004) rocking curves for an InAs/(2 nm) 
InAs0.70Sb0.30 SL with the InAs layer thicknesses calculated with the different 

strain-balancing methods. 
 
alignments and the magnitude range and sign of the fractional band offsets 

defined as [57]  

ܳܿ ൌ
ܿܧ∆
݃ܧ∆

ൌ
ݏܣ݊ܫ_ܿܧ െ ܾܵݏܣ݊ܫ_ܿܧ
ݏܣ݊ܫ_݃ܧ െ ܾܵݏܣ݊ܫ_݃ܧ

, (25) 

ݒܳ ൌ
ݒܧ∆
݃ܧ∆

ൌ
ܾܵݏܣ݊ܫ_ݒܧ െ ݏܣ݊ܫ_ݒܧ
ݏܣ݊ܫ_݃ܧ െ ܾܵݏܣ݊ܫ_݃ܧ

, (26) 

ܳܿ  ݒܳ ൌ 1. (27) 

When the InAs0.40Sb0.60/InAs1-xSbx SLs were first proposed in 1984 [6], the 

conduction band offset was not known for InAs/InSb, and estimates from various 

methods differed by 0.3 eV [6].  In 1995, Wei and Zunger did a comprehensive 

review and a theoretical study of the band alignment of InAs, InSb, and InAs1-

xSbx using a first principles band structure calculation method paralleling core 
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photoemission measurements [47].  At that time, the type-II alignment of InAs1-

xSbx/InSb was well accepted but the alignment of InAs/InAs1-xSbx was debated 

 
Figure 4. a) Three possible band alignments between InAs and InAs1-xSbx. b) 
InAs1-xSbx conduction and valence bands calculated at 0 K with an InAs/InSb 

valence band offset of 0.59 eV, CEg_InAsSb of 0.67 eV, and different scenarios for 
the InAs1-xSbx bandgap bowing distribution between the conduction and valence 

bands, which can result in different band edge alignments of InAs-InAs1-xSbx 
heterojunctions. 

 
due to the large bowing of the InAs1-xSbx bandgap.  The InAs1-xSbx bandgap is 

given by [45] 

_ூ௦ௌܧ  ൌ ሺ1 െ _ூ௦ܧሻݔ  _ூௌܧݔ െ ሺ1ݔ െ  ா_ூ௦ௌ, (28)ܥሻݔ

where CEg_InAsSb is the bandgap bowing factor. The InAs1-xSbx valence band edge 

can be written as 

௩_ூ௦ௌܧ  ൌ ሺ1 െ ௩_ூ௦ܧሻݔ  ௩_ூௌܧݔ െ ሺ1ݔ െ  ா௩_ூ௦ௌ, (29)ܥሻݔ

which includes the fraction of the bandgap bowing that is attributed to the valence 

band, CEv_InAsSb. Figure 4b shows possible scenarios for the InAs1-xSbx band edges 

as a function of x and CEv_InAsSb. It is evident that the sign and magnitude of 

CEv_InAsSb can result in different band edge alignments of InAs/InAs1-xSbx 

heterojunctions at particular x values. 
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Various experimental results have indicated three different band edge 

alignments: i) type-I based on magneto-photoluminescence (PL) measurements of 

metalorganic chemical vapor deposition (MOCVD)-grown strained 

InAs/InAs0.91Sb0.09 multiple quantum wells on InAs substrates with varying well 

thicknesses [46]; ii) type-IIa from PL and magneto-transmission measurements on 

molecular beam epitaxy (MBE)-grown InAs/InAs1-xSbx SLs on GaAs substrates 

with InAsSb buffer layers [32, 49]; and iii) type-IIb from PL measurements on 

As-rich InAs/InAs1-xSbx SLs on InAs substrates with conventional [49] and 

modulated-MBE-grown alloys  [18, 31, 58, 59]. 

2.3.1 Type-I alignment  

The type-I alignment was reported for samples with low Sb compositions 

and ordering present in the InAs1-xSbx layer [46], which resulted in a lower alloy 

bandgap than that of a random alloy with the same composition x.  With an 8x8 

k.p Hamiltonian and a transfer matrix technique, Kurtz and Biefeld [46] 

calculated the energy levels in the InAs/InAs0.91Sb0.09 multiple quantum wells 

with varying thicknesses and used the InAsSb bandgap and the conduction band 

offset as fitting parameters to compare the results with the experimental data.  

They claimed that a type-I alignment was the best fit to their data, while a type-II 

alignment would have resulted in negligible quantum size shifts given the 500 Å 

InAs barriers used.  Compositional ordering and phase separation, as revealed by 

electron diffraction, in the low temperature grown As-rich InAsSb contributed to 

the bandgap reduction and the type-I alignment [46].  Wei and Zunger’s 

calculated results agreed that the type-I alignment was possible for low Sb 
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compositions when ordering is present due to the small type-IIb conduction band 

offset [47].  However, without ordering and in the presence of strain, Wei and 

Zunger’s calculated band edge alignment is type-IIb [47]. 

2.3.2 Type-IIa alignment  

The type-IIa alignment is supported by contradictory results for the 

reduced mass values of the lowest two transitions obtained from PL and magneto-

transmission measurement results [32, 49].  The PL for an InAs/InAs0.68Sb0.32 SL 

sample grown on a 1μm InAs0.84Sb0.16 buffer layer on a GaAs substrate had a peak 

at 142 meV, while the magneto-transmission showed an absorption feature lower 

than the PL peak at 115 meV [49].  The authors stated the 115 meV feature was 

not due to an impurity transition because the absorption was too strong for an 

impurity.  The reduced mass,  

 
1
݉
∗ ൌ

1
݉
∗ 

1
݉
∗  (30) 

from the magneto-transmission data was larger for the 115 meV transition than 

the 142 meV transition, so the lower energy transition was attributed to the light 

hole due to the heavy hole becoming lighter in a strained quantum well [49].  

Assuming the InAs0.84Sb0.16 buffer layer was completely relaxed, resulting in the 

InAs layer being tensile strained and the InAs1-xSbx layer being compressively 

strained, the electron well was assigned to the InAs1-xSbx alloy layer since the 

light-hole level in tensile InAs is higher in energy than the heavy-hole level [49].   

Another magneto-PL study on InAs/InAs0.865Sb0.135 multiple quantum 

wells [48] with varying InAs0.865Sb0.135 thicknesses on InAs substrates found the 
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lowest energy transition (262 meV) to have a smaller reduced mass than the 

higher energy transition (291 meV), contradictory to the previous result for SLs 

grown on InAs1-xSbx buffers on GaAs substrates [49].  The PL peak separation of 

30 meV was thought to be too large to be attributed to hole confinement or 

thermal population given the constant 47.5 nm InAs barrier layers, and therefore, 

the type-IIb alignment was ruled out.  After including valence band mixing in a 

full 8x8 k.p band structure calculation to be able to calculate in-plane hole 

masses, a type-IIa alignment best fit the data [48] and previous data [46] without 

considering any ordering-induced bandgap reduction, which did not occur in the 

MBE samples [48].  Using the 8x8 k.p band structure calculation, Li et al. fit the 

experimental transitions from magneto-transmission measurements to their 

calculated absorption curves using the conduction band offset as a fitting 

parameter [57].  They could fit the lowest energy transition with both types of 

type-II alignments, but the type-IIa better fit some higher energy transitions [57].  

A type-IIa fractional conduction band offset (Qc = ΔEc/ΔEg) of 2.06 ± 0.11 was 

determined from the fit.  In order to fit a type-I transition, 50 – 190 meV of InAs1-

xSbx bandgap reduction was necessary, which is unrealistic from ordering, so 

again the type-IIa alignment was confirmed [57].  A very similar type-IIa result 

with Qc = 2.3 was obtained for InAs/InAs1-xSbx, InAs1-xSbx/InAs0.945P0.055, and 

InAs1-xSbx/InAsSbP multiple quantum wells grown by MOVPE on InAs 

substrates [60]. 

The PL peak energies for four InAs/InAs1-xSbx SLs with x = 0.14 – 0.39 

were less than either of the individual layers’ bandgaps, indicating a large type-II 
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alignment [32, 61].  A Kronig-Penney model including strain and non-

parabolicity effects with only the valence band offset as a fitting parameter best fit 

the data using a type-IIa offset.  The valence band offset fits for the four samples 

had a smaller standard deviation assuming the electron wells were in the InAs1-

xSbx layer rather than in the InAs layer.  These reasons coupled with the magneto-

transmission result led the authors to conclude a type-IIa offset occurs [32]. 

A lower reduced mass for the lowest energy transition [48] suggests a 

type-IIb alignment, but the type-IIa was chosen as a better fit to the data.  When 

the lowest energy transitions could be fit with type-IIa or type-IIb, type-IIa was 

chosen based on higher lying transitions.  It was stated that apart from interface 

defects interfering with the band alignment, a large bowing of the InAs1-xSbx 

valence band is necessary for the InAs/InAs1-xSbx type-IIb alignment to be 

compatible with the accepted type-II InAs1-xSbx/InSb alignment [49].  The 

valence band bowing was consequently investigated with recent studies using the 

type-IIb alignment indicating large bowing of the InAs1-xSbx valence band: 60 – 

70% of the bandgap bowing [22, 50, 51]. 

2.3.3 Type-IIb alignment  

The third band alignment option, type-IIb, was chosen for 

InAs/InAs0.93Sb0.07 superlattices on InAs substrates [58].  An envelope function 

approximation was used with the Kronig-Penney model and accepted material 

parameters to predict the bandgap of the SLs for a laser diode active region.  A 

valence band offset of 610 meV gave predictions that were slightly higher than 
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the experimental results, indicating the valence band offset may be even larger 

[58]. 

Wei and Zunger concluded the InAs/InSb offset is type-II with and 

without strain with the conduction band of InAs below the valence band of InSb, 

and the valence band offset was calculated to be 500 meV from first principles 

[47].  The Sb-rich InAs1-xSbx/InSb unstrained alignment is also type-II with strain 

effects and CuPt ordering enhancing the type-II alignment.  For the As-rich 

InAs/InAs1-xSbx alignment, CuPt ordering pushes the alignment towards type-I, 

while strain effects further a type-II alignment, but the top of the valence band is 

always in the InAs1-xSbx layer.  They calculated the unstrained alignment to be 

type-I for InAs/InAs0.9Sb0.1 using the InAs/InSb band offsets ΔEv = 500 meV and 

ΔEc = 320 meV and all the bandgap bowing in the conduction band.  When 

InAs/InAs0.9Sb0.1 is strained on InAs, however, it is type-IIb.  They disagreed with 

the type-IIa alignment based on Van de Walle’s [62], Qteish and Needs’[63], and 

their own calculations supporting the opposite conclusion, type-IIb, and thus were 

doubtful of the method of obtaining band offsets from a few emission lines even if 

the calculated fit is very good [47].  They predict a type-I alignment for 

unstrained As-rich InAs/InAs1-xSbx with x < 0.5 and type-II for the strained case 

on InAs, noting the small conduction band offset makes the alignment susceptible 

to convert to type-I even in the strained situation if ordering is present in the 

InAs1-xSbx. 

Wei and Zunger’s conclusions were based on all the bandgap bowing 

occurring in the conduction band with the valence band varying linearly with x 
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[47], as shown in Figure 4b.  PL data from InAs/InAs1-xSbx multiple quantum 

wells with x = 0.065 – 0.137 on InAs substrates was fit with the type-IIb 

alignment and 60% bowing in the valence band [50].  The samples could have 

had Sb segregation while the InAs layer was grown, but the authors stated that 

would result in increasing the valence band bowing [50].  A similar result of 65% 

bowing in the valence band was reported for InAs1-xSbx/InAs0.67P0.23Sb0.10 

quantum wells with x = 0.05 – 0.13 using Wei and Zunger’s 0.5 eV valence band 

offset between InAs and InSb.  A valence-band anti-crossing model was used to 

explain the valence band bowing, and these results for the As-rich region were 

noted as contrary to the widely accepted expectation that III-V materials contain 

the majority of the bowing in the conduction band.  Lackner et al. also used Wei 

and Zunger’s type-IIb alignment citing that the electron well being in the InAs1-

xSbx layer is not consistent with the lower electron affinity of InSb compared to 

InAs and arrived at 60 – 70 % bandgap bowing in the valence band for their 

InAs/InAs1-xSbx multiple quantum wells with varying x = 0.138 – 0.267 on GaSb 

substrates [22].  The differing results for the band alignments and offsets are 

summarized in APPENDIX B B.  The initial calculations presented in this work 

are based on the type-IIb alignment with 65 % of the InAs1-xSbx bandgap bowing 

attributed to the valence band and an InAs/InSb valence band offset of 0.59 eV 

[45].  Further investigation into the InAs/InAs1-xSbx valence band offsets and 

InAs1-xSbx valence band bowing is discussed in Chapter 5. 

 

 



 

29 

2.4 Material parameters 

The calculated SL bandgap results are highly dependent upon the material 

parameters entered into the model.  The valence band offset has been reviewed in 

the previous section.  In this section, the InAs1-xSbx bandgap is reviewed and the 

other material parameters are summarized. 

2.4.1 InAs1-xSbx bandgap 

The bandgap of InAs1-xSbx versus x at different temperatures has been 

experimentally measured by several investigators.  The optical properties of 

polycrystalline InAs1-xSbx were first investigated by Woolley and Warner for 0 < 

x < 0.2 and 0.55 < x < 1, but they could not measure InAs1-xSbx with 0.2 < x < 

0.55 due to a miscibility gap in which the alloys do not form homogeneously 

when grown under equilibrium conditions [64].  Stringfellow and Greene 

investigated InAs1-xSbx grown by liquid phase epitaxy (LPE) on InAs substrates 

for 0 < x < 0.35 and on InSb substrates for 0.89 < x < 1, and their result for the 

band gap at 300 K agreed well with Woolley and Warner’s data [65]. 

Because MBE and MOCVD are non-equilibrium growth methods, single 

crystal InAs1-xSbx can be grown within the miscibility gap.  The first systematic 

study of InAs1-xSbx on InAs substrates grown by MBE was done by Yen, et al. 

and found InAs1-xSbx the most difficult to grow for 0.3 < x < 0.8 [65].  The As 

incorporation into the thin film depended on the In and Sb fluxes, and for a 

sample with x = 0.68, they obtained a 12.5 μm cutoff wavelength at 300 K.  Fang. 

et al. reported a small shift in the PL peak energy location with temperature for 

InAs1-xSbx samples on InAs substrates with x < 0.3 grown by OMVPE [66].  They 
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used wave-vector-nonconserving transitions to explain the small change in the 

peak energy location with temperature [66].  The FWHM were comparable to 

Yen, et al.’s MBE grown samples, indicating similar sample quality.   

The various expressions for the InAs1-xSbx bandgap are summarized in 

Table 4 and the bandgap for InAs0.6Sb0.4 using the different equations is given in 

Table 5.  At 300 K, Wieder [67] and Yen’s [65] expressions agree but are 16 meV 

higher than Vurgaftman’s [45] (see Figure 5a).  At low temperatures (0 – 10 K), 

the spread in InAs0.6Sb0.4 bandgap values is 17 meV (Figure 5c).  The most recent 

data for the InAs1-xSbx bandgap from Belenky et al. gives significantly lower 

values, 30 meV, than the previous expressions at 77 K, as shown in Figure 5b.   

2.4.2 Material parameter summary 

The majority of the InAs, InSb, and InAs1-xSbx parameters were taken 

from a comprehensive review paper with consistent sets of parameters for III-V 

materials [45], with the actual parameters used in the calculations listed in 

Appendix C.  However, for comparison, effective mass values from two sources 

are given, but the calculations use the values from Ref. [45].  Also, for 

consistency, the InAs1-xSbx bandgap used is from Ref. [45]. 

2.5 Band structure models 

 The SL bandgap is determined by the energy band structure, and models 

of varying complexity, such as the Kronig-Penney, envelope function 

approximation, multiband k·p, and tight-binding models, are used to determine 

the band structure.  Near the band edges, at k = 0 (Γ point), of direct bandgap 
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semiconductors, the approximation of parabolic energy bands is valid and often 

used to simplify the calculations.  The E-k dispersion in this case is given as 

ሻሺܧ  ൌ
ଶଶ

2݉∗  (31) 

where ħ is Plank’s constant divided by 2π, m* is the electron effective mass in the 

semiconductor crystal, and k is the electron wave vector.  The electron wave 

function in the periodic crystal experiencing a periodic potential, 

 ܸሺ࢘ሻ ൌ ܸሺ࢘   ሻ, (32)ࡾ

 is written as the Bloch function, ߰ሺ࢘ሻ, 

 ߰ሺ࢘ሻ ൌ ݁ݑ࢘∙ሺ࢘ሻ, (33) 

࢘ሺݑ   ሻࡾ ൌ  ሻ, (34)࢘ሺݑ

where ݑሺ࢘ሻ is a periodic function due to the periodic crystal lattice with lattice 

vector R and n is an integer denoting the band [56].  The Bloch functions are 

solutions to the Schrödinger equation with Hamiltonian, H, and free electron 

mass, mo, 

ሻ࢘Ψሺܪ  ൌ ቈെ
ଶ

2݉
ଶ  ܸሺ࢘ሻΨሺ࢘ሻ ൌ  ሻ. (35)࢘ሻΨሺሺܧ

2.5.1 k.p model  

The k.p model uses perturbation theory to analyze the band structure 

around a certain k value, typically at k = 0, taking into account the interaction of 

various bands.  Putting the wave function in Eq. (33) into the Schrödinger in Eq. 

(35), we have for a single band [56] 
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ሻ࢘ሺ߰ܪ  ൌ ቈ
ଶ

2݉
 ܸሺ࢘ሻ߰ሺ࢘ሻ ൌ  ሻ, (36)࢘ሺሻ߰ሺܧ

which becomes  

 ቈ
ଶ

2݉



݉

 ∙   ܸሺ࢘ሻ ሻ࢘ሺݑ ൌ ቈܧሺሻ െ
ଶ݇ଶ

2݉
  ሻ, (37)࢘ሺݑ

when putting it in terms of ݑሺ࢘ሻ.  It is evident from Eq. (37) why this method is 

called k.p.  Second-order perturbation results in energy bands versus k given by 

[56] 

ሻሺܧ  ൌ ሺ0ሻܧ 
ଶ݇ଶ

2݉



݉

 ∙  
ଶ

݉
ଶ 

| ∙ |ᇲ
ଶ

ሺ0ሻܧ െ ᇲሺ0ሻܧ
ᇲஷ

, (38) 

where the last term on the right hand side of the equation accounts for the 

interaction between the band n and the other bands n’.  For the case of k = 0 with 

α and β = x, y, or z, 

ሻሺܧ  ൌ ሺ0ሻܧ 
ଶ

2
൬

1
݉∗൰

ఈ,ఉఈ,ఉ

݇ఈ݇ఉ. (39) 

These equations can be expanded to matrix equations to include multiple bands 

that are non-degenerate or degenerate.  The more bands that are included, the 

more accurate the band structure becomes.  See Ref [56] for more detail. 

2.5.2 Envelope function approximation 

The envelope function approximation allows determination of the band 

structure of layered heterostructures, such as quantum wells and SLs, using the 

constituent bulk parameters and band offsets and a slowly varying over the unit 

cell dimension perturbation potential.  The magnitude of the perturbing potential 

is assumed to be small such that there is no mixing between the bands.  The 
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periodic atomic potential, ܸሺ࢘ሻ, determines the energy bands and effective masses 

(effective mass approximation), and the perturbation potential only modifies the 

Hamiltonian,  

 ሾܪ  ܷሺ࢘ሻሿ߰ሺ࢘ሻ ൌ  ሻ, (40)࢘ሺ߰ܧ

resulting in the wave function being approximated with the envelope function, 

F(r), and the periodic part of the Bloch function, 

 ߰ሺ࢘ሻ ൌ  ሻ. (41)࢘ሺݑሻ࢘ሺܨ

2.5.3 Three-band model 

 The three-band model used in this work arises from an 8 x 8 band 

(electron, heavy hole, light hole, and spin-orbit hole with spin degeneracy) 

envelope function approximation Hamiltonian considered at the center of the two-

dimensional Brillouin zone [44, 70, 71].  In this case, the Hamiltonian decouples 

into two equal 1 x 1 Hamiltonians for the heavy hole and two equal 3 x 3 

Hamiltonians for the coupled electron, light hole, and spin-orbit hole.  The 

Schrödinger equation for the heavy hole is given by [44] 

 ቈെ
ଶ

2
݀
ݖ݀

1
݉ுுሺݖሻ

݀
ݖ݀

 ுܸுሺݖሻ ሻݖுுሺܨ ൌ  ሻ, (42)ݖுுሺܨܧ

where mHH is the heavy hole mass, VHH is the valence band edge, and FHH is the 

envelope function.  The Schrödinger equation for the coupled electron, light hole, 

and spin-orbit hole can be simplified to 

 ቈെ
ଶ

2
݀
ݖ݀

1
݉ሺݖሻ

݀
ݖ݀

 ܸሺݖሻ ሻݖሺܨ ൌ  ሻ, (43)ݖሺܨܧ

where mC is the effective coupled mass, VC is the conduction band edge, and FC is 

the envelope function.  mC can be written as [44] 
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 ݉ሺݖሻ ൌ
3 ∆ܧ

ଶ

2 െ ሺ ܸுሺݖሻ െ ሻሺܧ ௌܸைሺݖሻ െ ሻ൨ܧ

2Πଶሾ2ሺ ௌܸைሺݖሻ െ Δܧ െ ሻܧ  ܸுሺݖሻ െ ሿܧ
, (44) 

 Δܧ ൌ 2ܾሺୄߝ െ  ሻ, (45)∥ߝ

 Π ൌ
െ݅|ݏۦ௫|ۧݔ

݉
, (46) 

with VLH the light-hole band edge, VSO the spin-orbit-hole band edge, b a 

deformation potential, and ୄߝ and ߝ∥ the perpendicular and parallel strains.  The 

envelope function solutions for materials A and B of a SL are of the following 

form for the case of flat-band potentials 

ሻݖሺܨ  ൌ ଵ݁ಲ௭ܥ   ଶ݁ିಲ௭, (47)ܥ

ሻݖሺܨ  ൌ ଷ݁ಳ௭ܥ   ସ݁ିಳ௭, (48)ܥ

with wave vectors given as 

 ݇, ൌ ඨ2݉ுு
,

ଶ
ሺ ுܸுሺݖሻ െ ሻܧ ݎ݂ ݕݒ݄ܽ݁ ,ݏ݈݄݁ ܽ݊݀ (49) 

 

݇,

ൌ ඨ2݉
,

ଶ
൫ܧ െ ܸሺݖሻ൯ ݎ݂ ݄݁ݐ ݈݀݁ݑܿ ݊ݎݐ݈ܿ݁݁ ܽ݊݀  .ݏ݈݄݁

(50) 

The continuity of the envelope functions and their derivatives at the material 

boundaries result in Eq. (51), with LA and LB being the widths of layers A and B, d 

= LA+ LB being the SL period, and q being the SL wave vector in the growth 

direction. 

cosሺ݀ݍሻ ൌ cosሺ݇ܮሻ coshሺ݇ܮሻ െ
1
2
൬ߟ 

1
ߟ
൰ sinሺ݇ܮሻ sinhሺ݇ܮሻ, (51) 
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ߟ ൌ
݇ܯுு



݇ܯுு
 ݎ݂ ݕݒ݄ܽ݁ ,ݏ݈݄݁ ܽ݊݀ (52) 

ߟ ൌ
݇ܯ



݇ܯ
 ݎ݂			 ݏ݊ݎݐ݈ܿ݁݁ ܽ݊݀ ݈݀݁ݑܿ  (53) .ݏ݈݄݁

These results have the same mathematical form as the Kronig-Penney model, but 

unlike the Kronig-Penney model, the three-band model includes coupling between 

the electron, light-hole, and spin-orbit hole. 

2.5.4 Kronig-Penney model 

The Kronig-Penney model for a SL uses the propagation matrix approach 

to solve for the energy levels and wave functions of a periodic one-dimensional 

potential, as shown in Figure 6.  This model assumes parabolic energy bands and 

thus is only valid near at k = 0.  The electron, heavy-hole, and light-hole energy 

levels are solved for separately with the respective potential profile.  This makes 

the Kronig-Penney the simplest of the band structure models reviewed here since 

interaction between the electron and hole bands is not considered. 

 
Figure 6. Schematic of the periodic potential for the Kronig-Penney model. 

 
The wave vectors in the well and barrier regions are [56] 



 

38 

 ݇ ൌ ඨ
2݉
ଶ

ܧ ݎ݂ ݄݁ݐ ,݈݈݁ݓ ܽ݊݀ (54) 

 ݇ ൌ ඨ
2݉

ଶ
ሺܧ െ ܸሻ ݎ݂ ݄݁ݐ  (55) .ݎ݁݅ݎݎܾܽ

The wave function for one period is 

 ߰ሺݖሻ ൌ ൜
௭݁ܣ  ,௭ି݁ܤ 0  ݖ  ݓ

್ሺ௭ିሻ݁ܥ  ,್ሺ௭ିሻି݁ܦ ݓ  ݖ  ݓ  ܾ	
 (56) 

and the continuity of the wave functions and their derivatives at the well and 

barrier boundaries result in the following equations describing the SL energy 

minibands, with wave vector q in the z-direction [56] 

݂ሺܧሻ ൌ cosሺܮݍሻ݁ݎ݄݁ݓ ܮ ൌ ܾ  ݓ ܽ݊݀  

݂ሺܧሻ

ൌ

ە
۔

ሻݓcosሺ݇ۓ coshሺߙܾሻ 
1
2
൬ߟ െ

1
ߟ
൰ sinሺ݇ݓሻ sinhሺߙܾሻ , 0 ൏ ܧ ൏ ܸ

cosሺ݇ݓሻ cosሺܾ݇ሻ െ
1
2
൬ܲ 

1
ܲ
൰ sinሺ݇ݓሻ sinሺܾ݇ሻ , ܸ ൏ 	ܧ

 

(57)

ߙ ൌ ඨ
2݉

ଶ
ሺ ܸ െ ሻ, (58)ܧ

ܲ ൌ
݉݇
݉݇

ൌ (59) .ߟ݅

Despite the simplicity of the Kronig-Penney model, it can be quite useful for 

predicting the SL bandgap at k = 0 when the appropriate material parameters are 

used to setup the model. 
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 The SL miniband effective mass can be approximated from the dispersion 

relation obtained with the Kronig-Penney model as follows.  The effective mass is 

defined as  

 
݉∗ ൌ

ଶ

݀ଶܧ
ଶݍ݀

, (60) 

and expanding Eq. (57) around energy level Ei using a Taylor series[72, 73], 

ሻܧሺܨ  ൌ ሻܧሺܨ 
ሻܧሺܨ݀

ܧ݀
|ாୀாሺܧ െ ,ሻܧ ܽ݊݀ (61) 

 cosሺܮݍሻ ൌ ሻܧሺܨ 
ሻܧሺܨ݀
ܧ݀

|ாୀாሺܧ െ  ሻ. (62)ܧ

Rearranging to solve for E, 

ܧ  ൌ ܧ 
ሻܮݍሺݏܿ

ሻܧሺܨ݀
ܧ݀ |ாୀா

െ
ሻܧሺܨ

ሻܧሺܨ݀
ܧ݀ |ாୀா

, (63) 

and defining s and t as 

ݏ  ൌ െ
ሻܧሺܨ

ሻܧሺܨ݀
ܧ݀ |ாୀா

, (64) 

ݐ  ൌ
1

ܨ2݀
ሺܧሻ
ܧ݀ |ாୀா

. (65) 

allows the energy in Eq. (73)  and its second derivative to be written as 

ܧ  ൌ ܧ  ݏ  ݐ2 cosሺܮݍሻ, (66) 

 
݀ଶܧ
ଶݍ݀

ൌ െ2ܮݐଶ cosሺܮݍሻ. (67) 

The effective mass is now approximated as [73] 
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 |݉∗| ൌ
ଶ

ଶܮ|ݐ|2 ሻܮݍሺݏܿ
, ܽ݊݀ (68) 

 |݉∗| ൌ
ଶ

ଶܮ|ݐ|2
ݐܽ ݍ ൌ 0. (69) 

2.6 Superlattice absorption 

 To compare the strength of the SL interband absorption, an electron 

transition from the valence band to the conduction band, between SL designs, 

both the SL wave function overlap and density of states must be taken into 

account.  The absorption rate per volume, V, is [56]   

 ܴ→ ൌ
2
ܸ


ߨ2

ܪ|

ᇱ |ଶߜሺܧ െ ܧ െ ߱ሻ ݂ሺ1 െ ݂ሻ
್ೌ

. (70) 

The Fermi functions, fa and fb, indicate the probability of the initial and final states 

being occupied by an electron, the delta function conserves energy between the 

transition and the incident photon and leads to the density of states when summed 

over all k, and ܪ
ᇱ  is the interband optical matrix element.   

2.6.1 Interband optical matrix element 

For bulk semiconductors ܪ
ᇱ  is [56]   

ܪ 
ᇱ ൌ െ

ܣ݁
2݉

݁̂ ∙ න߰
∗ ݁∙߰࢘݀ଷ࢘ ൎ െ

ܣ݁
2݉

݁̂ ∙ ࢜ࢉ  ,ೡ. (71)ߜ

where Ao is the magnitude and ê the unit vector of the optical field vector 

potential,  kop is the wave vector of the incident light, p is the momentum operator, 

 ,ೡ represents the conservation of momentum, and the Bloch wave functionsߜ

are 
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 ߰,ሺ࢘ሻ ൌ
݁࢘∙ࢉ,࢜

√ܸ
 ሻ. (72)࢘௩,ሺݑ

The interband momentum matrix element pcv only depends on the periodic part of 

the Bloch functions, 

௩  ൌ නݑ∗ሺ࢘ሻ

݅
ሻ࢘௩ሺݑ

݀ଷ࢘
Ω
. (73) 

 For quantum wells, and similarly SLs, the Bloch wave functions contain 

an envelope function,	߶,ሺݖሻ for the valence and conduction bands, due to the 

potential variation in the growth direction, and the wave vector in the plane, kt, 

and the area of the plane are now considered instead of the volume [56], 

 ߰,ሺ࢘ሻ ൌ ߶,ሺݖሻ
݁࣋∙࢚

ܣ√
 ሻ. (74)࢘௩,ሺݑ

Putting the superlattice Bloch functions into Eq. (94), results in  

ܪ 
ᇱ ൎ െ

ܣ݁
2݉

݁̂ ∙ ࢜ࢉ ܫ,ᇲߜ
 , (75) 

ܫ 
 ൌ න߶∗ ሺݖሻ߶ሺݖሻ݀ݖ





, (76) 

where ܫ
  is the wave function overlap defined over the SL period [56] and ߜ,ᇲ 

represents the conservation of momentum in the plane.  Equation (75) shows that 

the interband optical matrix element is proportional to the wave function overlap, 

so comparing the wave function overlaps of various designs can give an idea of 

the strength of the interband optical matrix element.  However, to determine the 

strength of the transition rate, the SL density of states must also be taken into 

account. 
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2.6.2 Superlattice density of states 

 The SL density of states per unit energy is usually calculated after the E-k 

band structure has been obtained by one of the above methods.  The density of 

states in k-space in the growth direction is a constant, (Nd)/2π, with N being the 

total number of periods and d the SL period.  The E-k dispersion relation, or band 

structure, is then used to convert the density of states per unit k to the density of 

states per unit energy.  The following SL density of states is derived based on the 

tight-binding model.  The tight-binding model considers a series of quantum 

wells, as shown in Figure 6, and only takes interaction with the nearest neighbor 

quantum wells into account.  The Bloch wave function contains the ith wave 

function of the quantum well, ߯
 ሺݖ െ ݊݀ሻ, centered at z = nd, where n is the 

well index, d the SL period, and N the total number of periods [74].   

 ߰ ሺݖሻ ൌ
1

√ܰ
݁ௗ߯

 ሺݖ െ ݊݀ሻ


 (77) 

The SL wave vector q is required by the Born-von Karman periodic boundary 

conditions to be discrete integer multiples of 2π/(Nd).  The solution for the SL 

energy levels in the z-direction is given by [73, 74] 

 ࣟሺݍሻ ൌ ܧ  ݏ െ ݐ2 ,ሻ݀ݍሺݏܿ (78) 

ݏ  ൌ න ߯
 ∗

ሺݖ െ ݀ሻܸሺݖሻ߯
 ሺݖ െ ݀ሻ݀ݖ

ஶ

ିஶ
, (79) 

ݐ  ൌ න ߯
 ∗

ሺݖሻܸሺݖሻ߯
 ሺݖ െ ݀ሻ݀ݖ,

ஶ

ିஶ
 (80) 
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where si is the shift energy of the ith state and ti is the exchange energy [75].  The 

width of the SL miniband is given by 4|ݐ|.  The total energy including the in-

plane energy is  

 ࣟሺݍ, ݇ୄሻ ൌ ܧ  ݏ െ |ݐ|2 cosሺ݀ݍሻ 
ଶ݇ୄ

ଶ

2݉
. (81) 

The number of states per unit energy, or density of states, can be found by 

evaluating 

 

ሺࣟሻߩ ൌ  ߜ ቆࣟ െ ࣟሺݍሻ െ
ଶ݇ୄ

ଶ

2݉
ቇ

,,఼,ఙೞ

ൌߜቆࣟ െ ࣟሺݍሻ െ
ଶ݇ୄ

ଶ

2݉
ቇ

ఙೞ఼

. 

(82)

Summing over the spin states, converting the sum over the continuous in-plane 

݇ୄto an integral in polar coordinates [56], and converting to energy using 

݇ୄ
ଶ ൌ ଶா

మ
 and ݇ୄ݀݇ୄ ൌ



మ
 gives [73] ܧ݀

ሺࣟሻߩ  ൌ
௬ܮ௫ܮ
ߨ

න݇ୄ݀݇ୄ ߜ ቆࣟ െ ࣟሺݍሻ െ
ଶ݇ୄ

ଶ

2݉
ቇ



,	 (83) 

ሺࣟሻߩ  ൌ
௬ܮ௫ܮ
ߨ

݉
ଶ
න݀ܧ ሺࣟߜ െ ࣟሺݍሻ െ ,ሻܧ ܽ݊݀



 (84) 

ሺࣟሻߩ  ൌ
௬ܮ௫ܮ
ߨ

݉
ଶ
Ηሺࣟ െ ࣟሺݍሻሻ



, (85) 

where H is the Heaviside step function.  Now summing over q using ∆ݍ ൌ ଶగ

ேௗ
 and 

integrating over half the Brillouin zone [73], 
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ሺࣟሻߩ  ൌ
௬ܮ௫ܮ
ߨ

݉
ଶ


1
ݍ∆

නdq Ηሺࣟ െ ࣟሺݍሻሻ


 (86) 

ሺࣟሻߩ  ൌ
௬ܰ݀ܮ௫ܮ
ଶߨ

݉
ଶ
නdq Ηሺࣟ െ ࣟሺݍሻሻ

గ
ௗ



ൌߩሺࣟሻ


 (87) 

ሺࣟሻߩ  ൌ
௬ܰ݀ܮ௫ܮ
ଶߨ

݉
ଶ
න dq Ηሺࣟ െ ࣟሺݍሻሻ

గ
ௗ



 (88) 

 
Figure 7. An example calculation of the SL total number of states per unit energy 

on an arbitrary scale showing the expected shape of the curve. 
 
Evaluating Eq. (88) results in the following equation for the total number of states 

per energy, which has units 1/eV [72-74], 

ሺࣟሻߩ ൌ	


ە
ۖ
۔

ۖ
ۓ ௬ܰܮ௫ܮ

݉
ଶߨ

,	 ݎ݂ ࣟ െ ܧ െ ݏ  |ݐ|2

௬ܰܮ௫ܮ
݉

ଶଶߨ
cosିଵ ൬

ܧ  ݏ െ ࣟ
|ݐ|2

൰, ࣟ|		ݎ݂ െ	ܧ െ |ݏ ൏ 	|ݐ|2

0,																					 ݎ݂ ݎ݂ ࣟ െ ܧ െ ݏ ൏ െ2|ݐ|	
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An example of the SL total number of states per unit energy calculated with Eq. 

(89) is shown in Figure 7.  The total number of states per unit energy is 

proportional to the total number of periods, N.  The number of states per volume, 
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or the density of states, however, is not proportional to N but inversely 

proportional to d, the SL period.  Converting Eq. (89) to the density of states 

(number of states per unit energy per volume) by dividing by the volume, 

 ௬ܰ݀, gives [75]ܮ௫ܮ
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with units eV-1cm-3.  If the density of states in Eq. (90) is multiplied by the period 

d, [75] 
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, (91) 

the 2D quantum well density of states with units eV-1cm-2 (number of states per 

area, 


గమ
) [56] results for ࣟ  ܧ	  ݏ   |.  In Figure 7, the step-like portionݐ|2

of the density of states is apparent when ࣟ  ܧ	  ݏ     .|ݐ|2

To increase the strength of the interband optical matrix element, the 

previous section showed the SL wave function overlap should be increased, which 

is usually accomplished by decreasing the SL layer thicknesses.  According to the 

results of this section, if the SL period is decreased, the density of states will 

increase under the assumption that the electron mass and the arccosine term 

remain unchanged.  But the |ݐ| and ݏ terms increase with decreased period, and 

the effective mass changes with the band structure.  Without calculating the full 
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band structure, the changes in the effective mass and the SL minibands as the 

layer thicknesses are changed are difficult to predict.  The best way to optimize 

the SL absorption is to calculate it directly starting with Eq. (70) and being aware 

of the approximations used.  

2.7 InAs/InAs1-xSbx superlattice three-band model results 

Figure 8 displays the calculated SL bandgap in microns versus the layer 

thicknesses for strain-balanced designs on GaSb containing four different InAs1-

xSbx compositions.  These calculations were done using Ev_InAs = -0.59 eV, Ev_InSb 

= 0 eV, CEg_InAsSb = 0.67 eV, and the InAs/InAs1-xSbx unstrained fractional valence 

band offset, Qv = 1.03, as discussed in Chapter 5.  Within this composition range 

(x = 0.30 – 0.45), the InAs/InAs1-xSbx SL designs are shown to cover the entire 

MWIR and LWIR ranges.  For a given composition, thicker layers result in 

smaller bandgaps, or longer wavelengths, and the overlap between the electron 

and heavy-hole wave functions decreases.  However, as the absorption coefficient 

is proportional to the square of the wave function overlap (and the density of 

states), as discussed in Section Superlattice absorption, larger overlaps are 

desirable.  To optimize the wave function overlap for a particular bandgap, as 

shown in Figure 9, the layers should be thin with higher Sb compositions in the 

InAs1-xSbx layer.  The wave function overlap is inherently lower for the longer 

wavelength designs due to the higher Sb compositions resulting in larger valence 

band offsets and increased heavy-hole confinement.  In addition, the material 

growth becomes more challenging as the Sb composition increases due to the 

competition between arsenic and antimony for incorporation into the film. 
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Figure 8 reveals a limit to the short period InAs/InAs1-xSbx SL bandgap, 

which is almost independent of the Sb composition.  This occurs for short-period 

SLs within the envelope function approximation model because the SL 

approaches an InAs1-xSbx bulk alloy with an average Sb composition.   

 
Figure 8. Calculated effective bandgaps, covering the MWIR and LWIR, for 

strain-balanced type-II InAs/InAs1-xSbx superlattices on GaSb substrates for four 
different InAs1-xSbx compositions. 

 

 
Figure 9. Calculated square of the electron-heavy hole wave function overlap for 

different strain-balanced type-II InAs/InAs1-xSbx superlattices designs having 
bandgaps equivalent to 8, 10, and 12 μm. 
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 The average Sb composition for the SL is given by 

ݔ̅  ൌ 1 െ
ூ௦ܮ  ሺ1 െ ூ௦ௌܮሻݔ

ூ௦ܮ  ூ௦ௌܮ
. (92)

The shortest period designs considered here have a 1 Å thick InAs1-xSbx layer and 

the corresponding strain-balanced thicknesses for the InAs layer range from ~2-

5 Å for the different x.  The bandgap of the average InAs1-xSbx composition 

calculated for the short period SLs are plotted along with the SL bandgap for 

comparison in Figure 10a.  The two bandgap values differ by less than 1 μm over  

 
a)                                                          b) 

Figure 10. Comparison of strain-balanced SL bandgaps for a) 1 Å and b) 10 Å 
thick InAs1-xSbx layers and the corresponding InAs1-xSbx bulk material bandgap 

with an average composition, given by Eq (93), corresponding to the SL. 
 
the x range shown and are approximately equal at x = 0.40.  As x increases, the 

average SL composition ̅ݔ increases which results in a smaller InAs1-xSbx 

bandgap, or longer wavelength.  The SL bandgap increases, or the wavelength 

becomes shorter, as x increases with the small layer widths due to the heavy-hole 

being potential well becoming deeper.  From x = 0.25 to 0.50, the SL bandgap 

changes only 7 meV between the strain-balanced designs with 1 Å thick InAs1-
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xSbx layers, and the corresponding average InAs1-xSbx bandgap changes only 5 

meV.  This explains why the SL bandgap appears constant in Figure 8 for the 

short-period limit of the three-band envelope function approximation model.  The 

limit of the envelope function approximation is reached for such thin layers and a 

more sophisticated model capable of handling such thin atomic layers, such as 

empirical tight binding or pseudopotential calculations, would be necessary to 

further investigate these SLs in this regime. 

 Given the relatively constant SL bandgap regardless of the Sb composition 

for short periods, InAs/InAs1-xSbx strain-balanced SL designs should be chosen 

with periods greater than some limit to take advantage of the SL properties.  The 

individual InAs and InAs1-xSbx layer thicknesses for the designs in Figure 8 are 

shown in Figure 11 and Figure 12, respectively.  The InAs and the InAs1-xSbx 

layer thicknesses should be greater than 50 Å and 4 Å, respectively, to observe 

differences in the SL designs.  Also noticeable in Figure 11 and Figure 12 is the 

gradual change in the SL bandgap, approaching an upper wavelength limit, above 

certain layer thicknesses. 

The thickness where the SL bandgap begins to approach an upper limit is 

thinner for lower Sb compositions due to the smaller valence band offset.  As the 

layers become thicker, the change in the quantum well energy levels becomes less 

per unit change in thickness resulting in the gradual change in the SL bandgap.  

Eventually, if the layers become thick enough, the SL effect is again lost, and 

only the bandgaps of the two bulk materials will be visible in the optical 

properties.  Thus, the SL period cannot become too thick, but there is also a 
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Figure 11. The SL bandgap versus the InAs layer thickness showing the bandgap 

limit as the period becomes shorter. 
 

 
Figure 12. The SL bandgap versus the InAsSb layer thickness showing the 

bandgap limit as the period becomes shorter. 
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tradeoff between designing the SL period to be short for high wave function 

overlap to increase the absorption and avoiding the short-period limit where the 

SL behaves essentially as a bulk InAs1-xSbx material with a bandgap of ~3.5 μm. 

 The three-band model can calculate the band structure in the growth 

direction only (E-kz or E-q) since it is valid at the center of the in-plane Brillouin 

zone (݇ୄ ൌ 0).  The band structure in the first Brillouin zone in the z-direction is 

shown in Figure 13 for InAs 67 Å, InAs1-xSbx 18 Å, and four different x values.  

These designs are not all strain-balanced as they all have the same layer 

thicknesses.   

 
Figure 13. The InAs (67 Å)/InAs1-xSbx (18 Å) SL band structure in the growth 

direction calculated with the three-band model for four different Sb compositions. 
 
The heavy-hole band is extremely flat, indicating an infinite effective mass in the 

z-direction, and the heavy-hole band becomes higher in energy for larger x values, 

resulting in smaller bandgaps.  The electron energy band changes much less with 

x at k = 0 than the heavy-hole band and remains essentially unchanged at the 
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Brillouin zone edge.  The effects of changing the strain-balanced SL period, L = 

172 Å (InAs) + 72 Å (InAs1-xSbx), on the band structure are shown in Figure 14 

for x = 0.284. 

 
Figure 14. The InAs/InAs0.716 Sb0.284 SL band structure in the growth direction 

calculated with the three-band model for three different strain-balanced SL 
periods: L, ½ L, and ¼ L. 

 
Of course, the length of the Brillouin zone increases as the period decreases, and 

the width of the electron miniband increases in energy.  In the case of ¼L, the 

period becomes small enough that the entire first electron miniband is not 

confined below the electron barrier height, and a kink is seen in the curve due to 

the confined electron equation being used when the electron is above the barrier 

height.  Instead, Eq. (57) should be used when modified for the case of E > Vo in 

Figure 6.  The increased curvature of the electron miniband as the period 

decreases indicates the effective mass is becoming lighter and the density of states 

per energy is decreasing as the strain-balanced period decreases.  Here again is a 
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conflict when optimizing the absorption: increasing the SL wave function overlap 

requires decreasing the SL period which in turn decreases the density of states.  In 

order to calculate the full SL absorption spectrum, the in-plane band structure 

must also be known and the k·p model becomes a better model for the task. 
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3. MOCVD GROWTH AND CHARACTERIZATION OF InAs/InAs1-xSbx 

SUPERLATTICES 

 There are several methods to grow epitaxial semiconductor materials, but 

here the focus will be on just metalorganic chemical vapor deposition (MOCVD) 

and molecular beam epitaxy (MBE).  MOCVD is a higher-yield, lower-cost 

production method, which is beneficial for the mass production of devices.  

However, currently, MOCVD-growth of group-III-Sb materials is more difficult 

than MBE-growth of the same materials.  It is still of interest to investigate the 

growth of InAs/InAs1-xSbx SLs by both methods, and ideally, a comparison could 

be made between the same materials grown by the two methods.   

3.1 Metalorganic chemical vapor deposition growth of InAs/InAs1-xSbx 

superlattices 

Advances in SL LWIR photodetectors are determined by advances in SL 

material quality and background doping, which depend on the growth process.  A 

reproducible method for low background carrier concentration (doping) is needed 

for metalorganic chemical vapor deposition (MOCVD) growth [76] in order to 

reduce the thermal generation rate, which is responsible for some of the detector 

dark current.  As MOCVD growth and sources have matured, it was expected that 

lower background doping levels would become possible, and the low-cost 

production advantage of MOCVD could be used to grow SLs with precise control 

of the material composition [28].  However, in 1990, the SL background doping 

was found to be 1016 cm-3 from Hall measurements [28], and it is currently 
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1016 cm-3 for MOCVD InAs/GaSb SLs [77].  Obviously there is still room for 

growth improvement. 

The first set of InAs/InAs1-xSbx T2SL samples in this work was grown by 

MOCVD on 2 in. (100) n-GaSb substrates by Professor Russell Dupuis’ group at 

the Georgia Institute of Technology.  The group-III precursors used were 

trimethylindium (TMIn, In(CH3)3) and triethylgallium (TEGa, Ga(C2H5)3), and 

the group-V precursors were trimethylantimony (TMSb, Sb(CH3)3) and arsine 

(AsH3).  The n-GaSb substrate was cleaned prior to growth in HCl to remove the 

native surface oxide and then rinsed in isopropyl alcohol and blown dry with N2.  

The growth began by depositing a nominal 100 nm GaSb buffer layer at 600 ºC.  

Then the growth temperature was ramped down to 500 ºC to grow the InAs/InAs1-

xSbx T2SL at a growth rate of 0.1 nm/s [20].   

 
Figure 15. Schematic structure of sample set 1 grown by MOCVD. 
 
The details of the MOCVD sample structures as determined by X-ray 

diffraction (XRD) measurements are shown in Figure 15 and Table 6.  The InAs 

and InAs1-xSbx layer thicknesses are assumed to be the values from the growth 

calibrations because the SL periods from the XRD measurements agreed with the 
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designed periods, and the individual SL layer thicknesses were not available from 

the XRD data.   

Table 6. Sample set 1 grown by MOCVD. 

Sample 
Set 1 

x	± 1 

(%) 
 

Thickness (nm) Number of 
Periods 

X 

Buffer layer 
thickness (nm) InAs InAs1-x Sbx 

A (3-2006) 22 7.0 3.3 100 100 
B (3-2008) 23 7.0 2.3 50 67 
C (3-2009) 37 7.0 2.0 50 85 

 
3.2 Characterization of InAs/InAs1-xSbx superlattices grown by metalorganic 

chemical vapor deposition 

3.2.1 X-ray diffraction 

The (004) and (224) ω-2θ coupled high-resolution XRD patterns were 

recorded using a PANalytical X’Pert Pro MRD.  The simulation results closely 

agree with the experimental data, as shown in Figure 16 for the (004) patterns.  

 
Figure 16. High-resolution (004) ω-2θ XRD patterns and simulations (offset 

below each measurement) for MOCVD samples A and B. 

Sample A shows intense satellite peaks with narrow full width at half maximum 

(FWHMs) of less than 100 arc sec, indicating the high degree of crystallinity and 
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uniform periodicity of this SL structure.  Some variation in the InAs1-xSbx 

composition, however, is evident from the peaks’ shapes.  The simulation used 

varying Sb compositions for different portions of the 100 periods. The most 

intense SL satellite peaks correspond to an average x = 0.22 in the InAs1-xSbx 

layer for the majority of the periods, while the broader, less intense, periodic 

shoulder peaks are simulated well with just a few periods containing x = 0.35.  

The average relaxation of the SL was 74%, as determined from (224) ω-2θ 

coupled scans.  The satellite peaks of sample B are broader than those of sample 

A, and the simulated pattern of sample B in Figure 16 uses 83% relaxation and 

x = 0.23 derived from (224) ω-2θ coupled scans.  The SL zero-order (SL0) peaks 

have FWHMs of 50 and 166 arc sec for samples A and B, respectively, and the 

SL0 peak for sample C overlaps with the substrate peak.  The XRD patterns of 

sample C exhibited relaxation as well, shown in Figure 17. 

 
Figure 17. High-resolution (004) ω-2θ XRD pattern and simulation (offset below 

the measurement) for MOCVD sample C. 
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3.2.2 Atomic force microscopy 

 Atomic force microscopy (AFM) is used to image surfaces down to the 

nanometer scale regardless of the conducting properties of the material.  The 

features of the surface are indicative of the defects in the material below the 

surface.  An atomically smooth surface is desired (~2 Å), but strain relaxation and 

other effects cause defects in the material. 

 Figure 18 shows a 90 μm x 90 μm AFM scan of MOCVD sample A.  A 

peak defect and some ripples are visible, consistent with the XRD result of the SL 

being 74 % relaxed.  Four line profiles, not including the tall defect, are shown in 

Figure 19 for the same image in Figure 18.  The average root-mean-square (RMS) 

height of the four line profiles is approximately 15 Å.  RMS roughness on the 

order of 2 Å is desirable for atomic layer growth. 

 
Figure 18. 90 μm x 90 μm AFM scan of MOCVD sample A showing a defect and 

surface ripples. *Image acquired by Lawrence Grazulis at the AFRL/RXPS. 
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Figure 19. Four line profiles on the 90 μm x 90 μm AFM scan of MOCVD sample 

A.  The average RMS roughness is ~15 Å. *Image acquired by Lawrence 
Grazulis at the AFRL/RXPS. 

 The 50 μm x 50 μm AFM scan for MOCVD sample B in Figure 20 shows 

many mounds on the order of several microns in area.  The bright white spots are 

most likely artifacts due to debris temporarily stuck on the AFM tip.  Four line 

profiles for this image (Figure 21) have an average RMS roughness of 

approximately 17 Å, which is slightly higher than that of sample A.   

 
Figure 20. 50 μm x 50 μm AFM scan of MOCVD sample B showing many 

micron-sized mounds. *Image acquired by Lawrence Grazulis at the 
AFRL/RXPS. 
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Figure 21. Four line profiles on the 50 μm x 50 μm AFM scan of MOCVD sample 

B.  The average RMS roughness is ~17 Å. *Image acquired by Lawrence 
Grazulis at the AFRL/RXPS. 

The 50 μm x 50 μm AFM scan for MOCVD sample C in Figure 22 shows 

many tall pillars and mounds on the order of several microns in area.  Four line 

profiles for this image (Figure 23) have an average RMS roughness of 

approximately 417 Å, which is an order of magnitude higher than that of sample 

A or B.  Clearly, this sample has many defects that are detrimental to the material 

quality. 

 
Figure 22. 50 μm x 50 μm AFM scan of MOCVD sample C showing several 
pillars with areas of microns. *Image acquired by Lawrence Grazulis at the 

AFRL/RXPS. 
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Figure 23. Four line profiles on the 50 μm x 50 μm AFM scan of MOCVD sample 

C showing 200 nm tall pillars and 50-80 nm tall mounds.  The average RMS 
roughness of the four line profiles is 417 Å. *Image acquired by Lawrence 

Grazulis at the AFRL/RXPS. 
 

3.2.3 Transmission electron microscopy  

Specimens for cross-sectional transmission electron microscopy (TEM) 

observation were prepared by standard mechanical polishing, dimpling, and 

argon-ion-milling at reduced energy (2 – 2.5 keV), with the sample held at liquid-

nitrogen temperature (77 K) to minimize thermal and ion-beam damage.  Figure 

24 shows a cross-sectional TEM image of a portion of the 100 periods of 

MOCVD sample A, which confirms the very high crystallinity of this specimen 

near the substrate.  In contrast, MOCVD samples B (Figure 25) and C (Figure 26) 

showed the presence of considerable growth defects, especially {111}-type 
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stacking faults, originating at either the substrate/buffer interface or the buffer/SL 

interface, and propagating well into the SL region.  These defects contribute 

significantly towards broadening the FWHM of the XRD satellite peaks [34]. 

 
Figure 24. Cross-sectional transmission electron micrograph of MOCVD sample 

A demonstrating excellent crystallinity of the InAs/InAs1-xSbx T2SL. *Image 
acquired by Lu Ouyang and Dr. David Smith at ASU. 

 

 
Figure 25. Cross-sectional transmission electron micrograph of MOCVD sample 

B showing several defects and dislocations, some originating at the 
substrate/buffer interface and some at the buffer/InAs/InAs1-xSbx T2SL interface. 

*Image acquired by Lu Ouyang and Dr. David Smith at ASU. 
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Figure 26. Cross-sectional transmission electron micrograph of MOCVD sample 
C showing many defects at the substrate/buffer interface and some defects in the 
InAs/InAs1-xSbx T2SL interface. *Image acquired by Lu Ouyang and Dr. David 

Smith at ASU. 
 

The MOCVD T2SLs’ structural properties shown above reveal that there 

is more work to do to optimize the MOCVD growth process for these SLs.  

Despite the non-optimized growth conditions, these samples still had measurable 

optical properties, as shown in the following photoluminescence (PL) and 

photoconductance (PC) responses. 

3.2.4 Photoluminescence 

The low temperature PL spectra for samples A and B are shown in Figure 

27.  The data were acquired using a double-modulation technique (discussed in 

Section 5.1) with a Fourier transform infrared (FTIR) spectrometer to suppress the 

background 300 K blackbody radiation noise near 10 μm.  However, the 

increasing background noise is still visible in the spectra near the MCT detector 

cutoff at 12 μm due to non-optimized measurement conditions.  The 532 nm 

pump laser was modulated at 60 kHz. 
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Figure 27. Photoluminescence spectra at 6 K for MOCVD samples A and B.  The 

inset shows the type-II band alignment between InAs and InAsSb. *Data 
acquired at AFRL/RXPS. 

 
Using a Lorentzian fit to the data, the peak position, intensity, and FWHM for 

sample A are 185 meV, 822 a.u., and 20 meV and for sample B are 213 meV, 872 

a.u., and 32 meV.  The PL intensity is comparable for both samples measured 

under the same conditions, but the FWHM of sample B’s spectrum is 60 % larger 

than that of sample A, due to the higher density of defects, as deduced from the 

TEM, and the higher degree of relaxation in sample B.  PL from sample C, 

however, was not measurable, presumably due to defects that occurred during 

relaxation. 

3.2.5 Photoconductance 

The spectral photoconductivity of all three samples was measured using a 

BioRad FTIR at increasing temperatures from 10 K until the signal disappeared – 

up to 250 K for sample A, 77 K for sample B, and just at 10 K for sample C.  A 
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bias current of 4 mA for sample A and C and 0.5 mA for sample B was applied at 

indium contacts on the top surface of the samples.  The individual 

photoconductivity signals were corrected for the background with a reference 

spectrum.  Figure 28 shows the temperature-dependent spectral photoresponse 

(PR) for sample A with a strong response up to 200 K (absorption onset at 8.6 

μm) and sample B with response up to 60 K (absorption onset at 5.9 μm).  To 

determine the onset of PR, a linear fit was made to the steep segment of the 

response as it approached zero, and the x-intercept of the linear function was 

taken as the PR onset.  

 
Figure 28. The temperature-dependent spectral photoresponse of MOCVD sample 

A, showing strong signals up to 200 K and out to 8.6 μm (145 meV), and 
MOCVD sample B, showing signals up to 60 K and out to 5.9 μm (210 meV). 

*Data acquired at AFRL/RXPS. 
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Table 7 shows the comparison of the PL peak position and the PR onset, 

and Figure 29 displays the actual measurements.  The PL peak position and the 

photoresponse onset differ by +8 meV and -1 meV for A and B, respectively.  

These shifts are mainly due to the band bending, band filling, and bandgap 

renormalization effects at the present PL pump intensity and the alloy and layer 

thickness fluctuations in the samples.  For sample A, the PL peak position is 

higher in energy than the PR onset, due to the band filling effect caused by the 

relatively high pump power intensity.  The broader the PL peak, as is the case for 

sample B versus A, the greater the Stokes shift.  Taking the SL relaxation into 

account, the calculated values follow the same trend as the measured values, 

although there is discrepancy due to the measurement uncertainty of x (± 1 %), 

the layer thicknesses, and the relaxation. 

Table 7. Calculated bandgaps, photoresponse onset, and photoluminescence peak 
locations for MOCVD sample set 1. 

Sample 
Set 1 

x ± 1 

(%) 
 

Thickness (nm) 

Number 
of 

periods 

Calculated 
Eg at 0 K 

(meV) 

PR 
onset 
at 10 

K 
(meV) 

PL 
peak 

positio
n at 6 

K 
(meV) 

InAs InAsSb 

A 
(3-2006) 

22 7.0 3.3 100 224 177 185 

B 
(3-2008) 

23 7.0 2.3 50 250 214 213 

C 
(3-2009) 

37 7.0 2.0 50 171 130 – 
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Figure 29. Photoresponse (photoconductivity) and PL spectra for samples A, B. 

*Data acquired at AFRL/RXPS. 
 
Fitting the photoresponse onset of A to the empirical Varshni equation 

(see Eq. (93) below) results in fitting parameters α = 0.275 ± 0.028 meV/K and 

β = 139 ± 34 K.  α is closer to that of InAs (0.276 meV/K) than InSb 

(0.320 meV/K), but β is between that of InAs (93 K) and InSb (170 K) [45].  The 

InAs layers are thicker than the InAsSb layers, so the parameters are expected to 

be nearer to the InAs values. 

 
ሺܶሻܧ ൌ ሺ0ሻܧ െ

ଶܶߙ

ሺߚ  ܶሻ
 (93)

The analytical Fan expression (see Eq. (94) [78]), or Bose-Einstein 

expression [79], is also used to fit bandgap temperature dependence and results in 

Fan parameter A = 27.1 ± 3.6 meV and average phonon energy <Ep> = 10.7 ± 

1.1 meV. 
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The Varshni equation fit (solid lines) and the Fan expression fit (dotted 

lines) using these same parameters for both A and B are shown in Figure 30, 

along with the temperature dependent PL spectra in the insets.   

 
Figure 30. Varshni fit (solid lines) to the absorption onset for samples A and B 
using α = 0.275 meV/K and β = 139 K and Fan fit (dotted lines) using A = 27.1 

meV and <Ep> = 10.7 meV.  Insets: temperature dependent PL. *Data acquired 
at AFRL/RXPS. 

 
The reported Fan parameter (A) values for InAs are 44 meV and 20 meV 

and the <Ep> values are 16 meV and 13 meV [80].  The Fan parameter for InSb 

is 26.5 meV and 37.6 meV and <Ep> is 9.6 meV and 12.5 meV from fitting the 

data reported in references [66] and [45] to Eq. (94).  Also reported in the 

literature are the Fan parameters for bulk InAs0.05Sb0.95: A = 214 ± 20 meV and 

<Ep> = 40 meV ± 4 meV [79].  The Fan results for the SL sample A here are 

comparable to those of InAs and InSb but smaller than those of the bulk 

InAs0.05Sb0.95. 
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The Varshni parameter β is considered to be close to the Debye 

temperature (ΘD), which is calculated from the Fan average phonon energy as 

ΘD = <Ep>/k.  When kT is much greater than <Ep>, the Varshni and Fan 

expressions are equivalent and related by A/α’ = <Ep>/k, where α’ is the slope of 

the Varshni Eg(T).  When kT is less than <Ep>, the Fan expression generally 

provides a better fit to the data.  For sample A in the region T > 100 K, α’ = 0.206 

meV/K, agreeing with the Varshni equation overestimating α [80].  When 

comparing β = 139 K, ΘD = 124 K, and A/α’ = 131 K, the values are consistent 

with each other but less than the Debye temperatures for InAs (247 K) and InSb 

(206 K) [81].  The lower Debye temperature for the SL indicates fewer total 

phonon modes, which could indicate a lower probability for non-radiative 

recombination processes in the SL.  Further temperature-dependent analysis on 

more InAs/InAs1-xSbx SL samples is necessary to determine the consistency of the 

values given here.  See Section Photoluminescence for temperature-dependent PL 

results on several MBE-grown samples. 

In summary, strong, narrow satellite peaks in the x-ray diffraction pattern 

and minimal defects in the transmission electron micrograph revealed the 

excellent structural properties of strain-balanced InAs/InAs1-xSbx T2SL sample A 

grown by MOCVD.  In addition, intense photoluminescence spectra and 

photoconductivity spectral responses up to 200 K at 8.6 μm were observed.  The 

structural properties plus the strong optical responses, despite relaxation 

occurring, warrant further investigation of these superlattice materials grown by 

MOCVD for infrared photodetector applications.  
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4. MBE GROWTH AND CHARACTERIZATION OF InAs/InAs1-xSbx 

SUPERLATTICES 

Antimonide-based type-II superlattices (T2SLs) have many potential 

advantages over bulk HgCdTe for infrared photodetector materials [2], with the 

InAs/Ga1-xInxSb T2SL being the most investigated.  However, short minority 

carrier lifetimes [38, 82] in InAs/Ga1-xInxSb T2SLs are detrimental to the detector 

dark current and quantum efficiency [83] and have recently been partially 

attributed to acceptor-like defects in GaSb [38] rather than the interfaces [84].  

With Ga being the suspected culprit of the short minority carrier lifetime, the Ga-

free InAs/InAs1-xSbx T2SL has the potential for longer lifetimes.  The “stabilized 

Fermi level” due to intrinsic point defects in bulk InAs is expected to be above the 

conduction band edge [42], rendering any mid-gap defect states inactive for 

Shockley-Read-Hall (SRH) processes.  In comparison, the stabilized Fermi level 

for bulk GaSb is expected to be in the bandgap near the valence band edge [42], 

leaving the mid-gap states available for SRH recombination.  Relatively high 

photoluminescence (PL) efficiencies for 4 – 11 μm emission from InAs/InAs1-

xSbx T2SLs grown on GaAs with highly dislocated 1 μm InAsSb buffer layers 

also suggest that As-rich InAs1-xSbx alloys have comparatively low SRH 

recombination coefficients [61].  A minority carrier lifetime of 250 ns [38] 

reported for bulk InAs0.80Sb0.20 having a PL peak at 5.4 μm at 77 K further 

supports the possibility that the InAs/InAs1-xSbx T2SLs may have longer lifetimes 

than those of the InAs/Ga1-xInxSb T2SLs.  Theoretically calculated absorption of 

an 11 μm InAs/InAs1-xSbx T2SL was lower, but within a factor of two, than that 
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of a 10 μm InAs/Ga1-xInxSb T2SL [19].  The theoretical study did not include 

SRH recombination, leaving open the possibility that in practice, the former T2SL 

may have higher absorption and a longer minority carrier lifetime than the latter 

due to interface and growth-related variations [19]. 

Although not as well studied as InAs/Ga1-xInxSb T2SLs, InAs1-xSbx/InAs1-

ySby T2SLs have been investigated by several groups since they were first 

proposed [6] to possibly compete with HgCdTe by utilizing tensile strain to reach 

longer wavelengths than bulk InAs1-xSbx.  InAs1-xSbx/InAs1-ySby SLs were grown 

by both molecular beam epitaxy (MBE) and metalorganic chemical vapor 

deposition (MOCVD) with complicated strain-relieving buffer layers: i) on InSb 

for LWIR (8 – 12 μm) photodetectors [76, 85], ii) on InAs for MWIR lasers [18, 

48, 86], iii) on GaAs for LWIR LEDs, [57, 61] and iv) on GaSb for LWIR 

photodetectors [20-22].  The growth of InAs/InAs1-xSbx T2SLs on GaSb by MBE 

has been briefly reported [33].  This chapter reports the MBE growth and 

characterization of strain-balanced InAs/InAs1-xSbx T2SLs on GaSb substrates for 

MWIR and LWIR detectors. 

4.1 Molecular beam epitaxy growth of InAs/InAs1-xSbx superlattices 

The first growth of an InAs1-ySby/InAs1-xSbx strained-layer superlattice 

was of a 1.5 μm thick InSb (50 Å)/InAs0.26Sb0.74 (100 Å) SLS on a GaAs substrate 

by MBE one year after the system was proposed [24].  They found the InAsSb 

composition to be very sensitive to the antimony (Sb) flux and the substrate 

temperature.  The miscibility gap of InAs1-xSbx grown on GaAs with different 

buffer layers (GaAs, InAs, GaSb, InAs0.50Sb0.50) was investigated, and a substrate 
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growth temperature of 415 °C for GaAs and InAs0.50Sb0.50 buffers and 435 °C 

InAs and GaSb buffers was found to be the minimum temperature, Tc, to avoid 

phase separation [87].  By introducing annealing interruptions during the InAs1-

xSbx growth, InAs1-xSbx with compositions inside the miscibility gap was grown 

at temperatures lower than Tc [88].  However, growth interruptions can allow 

impurities in the growth chamber to enter the material and degrade the material 

quality. 

The second set of InAs/InAs1-xSbx T2SL samples in this study was grown 

by an MBE foundry service provided headed by Prof. Diana Huffaker’s group at 

the California Nanosystems Institute (CNSI) at the University of California Los 

Angeles.  Dr. Kalyan Nunna performed the actual sample growth.  Several 

designs were grown on n-GaSb substrates by solid source MBE equipped with 

valved crackers set up to produce As2 and Sb2 species.  Following oxide 

desorption at 530 °C, a GaSb buffer layer was grown at 500 °C.  The substrate 

was then cooled to 435 °C for the growth of the ~500 nm-thick  InAs/InAs1-xSbx 

SL, and a final 100 nm GaSb cap layer was grown at 480 °C.  Four samples A, B, 

C, and D with 20 period SLs were grown under identical conditions with varying 

Sb/(As+Sb) beam equivalent pressure (BEP) flux ratios.  The non-unity sticking 

coefficient of the group V materials, As and Sb, and their competition for 

incorporation makes it difficult to estimate the proper group V composition.  

However, by changing only the As flux and keeping all the remaining elements 

identical, a systematic variation in the Sb incorporation can be achieved.  Thus, 

the InAs1-xSbx layers in samples A, B, C, and D have Sb/(As+Sb) BEP ratios of 
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0.32, 0.347, 0.378, and 0.412, respectively.  The Sb composition versus the 

Sb/(As+Sb) BEP ratios is shown in Figure 31 for these conventional MBE alloys.  

The sample structure information for set 2 is shown in Figure 32 and Table 8 with 

the period and InAs1-xSbx composition determined by XRD measurements and 

simulations. 

 
Figure 31. Sb composition in the InAsSb layer versus the Sb/(Sb + As) BEP ratio. 

 

 
Figure 32. Schematic structure of sample set 2 grown by MBE. 
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Table 8. Sample set 2 grown by MBE. 

Sample  
Set 2 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

GaSb Cap 
layer 
(nm) 

A (0203-1) 0.27 26.5 20 100 
B (0218-1) 0.28 24.6 20 100 
C (0218-2) 0.29 24.6 20 100 
D (0218-3) 0.33 24.5 20 100 

 
The third set of InAs/InAs1-xSbx T2SL samples was also grown by MBE at 

the CNSI but with ordered InAs1-xSbx layers grown by modulated-MBE (MMBE).  

The InAs1-xSbx layers were composed of a number of InAs/InSb periods grown by 

keeping the In shutter open while modulating the arsenic (As) and Sb shutters 

[58].  The As composition in the layer is then given by the As shutter duty cycle 

as 

 1 െ ௌݔ ൌ ௦ݔ ൌ
݁݉݅ݐ_ݎ݁ݐݐݑ݄ݏ_ݏܣ

ሺ݁݉݅ݐ_ݎ݁ݐݐݑ݄ݏ_ݏܣ  _ݎ݁ݐݐݑ݄ݏ_ܾܵ ሻ݁݉݅ݐ
. (95) 

MMBE was especially advantageous for controlling alloy compositions before 

valved crackers allowed precise control of the group-V element fluxes.  Here the 

technique is used to see if more abrupt interfaces can be achieved between the 

InAs1-xSbx and InAs layers since As and Sb are known to exchange places during 

growth.  This intermixing alters the layer compositions and thicknesses from the 

intended design.  Using approximately 0.5 monolayer (ML) per second as the 

InAs and InSb growth rates, the duration of the growth for the ordered layers is 

shown in Table 9.  The ordered alloy layer consists of periods of InAs/InSb, so 

there is no distinction between the InAs layer and the alloy layer in the SL.  

Effectively, the InAs layer is slightly thicker and the alloy layer is slightly thinner.  

The sample structure information for set 3 is also shown in Figure 33 and Table 9 
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with the period and InAs1-xSbx composition determined by XRD measurements 

and simulations.   

Table 9. Sample set 3 grown by MBE with ordered InAsSb alloys. 

Sample 
Set 3 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Sb 
Duty 
Cycle 
(%) 

No. of 
InAs/InSb 
periods per 
InAs1-xSbx 

layer 

InSb 
(s) 

InAs 
(s) 

E (0221-1) 22 24.2 20 35 6 3 5.5 
F (0221-2) 23 24.1 20 47 6 4 4.5 
G (0221-3) 36 24.0 20 47 4 6 6.7 

 

 
Figure 33. Schematic structure of sample set 3 grown by MBE with ordered 

InAsSb alloys. 
 

The fourth set of InAs/InAs1-xSbx T2SL samples grown by MBE at the 

CNSI consists of one sample with a conventional InAs1-xSbx random alloy 

(sample H) and one with an ordered InAs1-xSbx alloy (sample I).  These samples 

have a smaller period to increase the wave function overlap and 10 nm AlSb 

layers on either side of the 60-period SL intended to confine electrons to improve 

the PL signal intensity.  They are capped with a 5 nm GaSb layer to prevent the 

AlSb from oxidizing.  The ordered alloy in this case consists of InSb/InAs/InSb 

periods, where the InSb layer thicknesses are one half of the desired InSb 

thickness for the specified InAs1-xSbx composition, so there is a clear distinction 
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between the InAs layer and the ordered alloy layer in the SL.  Using a slower 

growth rate of 0.35 ML/s, the duration of the growth for the ordered layers is 

shown in Figure 34 and Table 10.   

Table 10. Sample set 4 grown by MBE with a smaller period and AlSb layers for 
confinement. 

Sample 
Set 4 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Sb 
Duty 
Cycle 
(%) 

No. of 
½InSb/InAs/ 

½InSb 
periods per 
InAs1-xSbx 

layer 

½ InSb 
(s) 

InAs 
(s) 

H (0512-1) 0.30 7.4 60 N/A N/A N/A N/A 
I (0512-2) 0.13 7.4 60 33 2 1.5 6 

 

 
Figure 34. Schematic structure of sample set 4 grown by MBE. 

 
The fifth and last set of InAs/InAs1-xSbx T2SL samples was grown by 

MBE at IQE, Inc. and consists of conventional InAs1-xSbx random alloys only.   

This set also has 10 nm AlSb barrier layers above and below the ~500 nm thick 

SL but is capped with 10 nm of p-InAs rather than GaSb.  The sample details are 

shown in Figure 35 and Table 11. 
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Figure 35. Schematic structure of sample set 5 grown by MBE. 

 
Table 11. Sample set 5 grown by MBE with AlSb barrier layers. 

Sample  Set 5 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

J (2301027) 0.34 8.48 58 
K (2301029) 0.37 8.40 58 
L (2301030) 0.39 8.62 58 
M (2301031) 0.35 10.72 47 
N (2301032) 0.35 9.49 52 
O (2301033) 0.28 24.47 20 
P (2301043) 0.41 7.30 69 
Q (2301044) 0.30 17.95 28 
R (2301060) 0.35 9.79 209 

 
4.2 Characterization of InAs/InAs1-xSbx superlattices grown by molecular 

beam epitaxy 

4.2.1 X-ray diffraction 

 The actual SL periods and InAs1-xSbx compositions were determined from 

the growth shutter times and the simulations of (004) ω-2θ coupled high-

resolution XRD patterns recorded with a PANalytical X'Pert Pro MRD.  The 

simulations use pseudomorphically strained layers on the GaSb substrate, which 

is reasonable given the results from a (224) reciprocal space map for MBE sample 

B: only 0.2% relaxation and x differing by only 0.004, which is within the ± 0.01 
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error bars, from the (004) ω-2θ scan value.  The (224) reciprocal space map is 

shown in Figure 36, with considerable spread in the omega direction due to using 

the rocking curve detector with a fairly wide ½̊ slit.  Figure 37 shows the 

simulation of the nominal design structure (20 nm InAs/7.7 nm InAs0.71Sb0.29 SL 

with a 100 nm GaSb cap layer) for MBE sample sets 2 and 3, and Figure 38 

shows the measurement data and simulations for MBE sample set 2.   

 
Figure 36. MBE sample B (224) reciprocal space map measured with the rocking 
curve detector showing psuedomorphic growth.  *Data acquired at AFRL/RXPS. 

 

 
Figure 37. (004) XRD simulation of the nominal structure design for MBE sample 

sets 2 and 3. 
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MBE sample C shows more fine structural details (Pendellösung fringes) in the 

XRD data than the other samples, indicating its high quality and smooth 

interfaces.  The relatively large SL period of ~25 nm causes an envelope function 

modulation of the SL satellite peak intensities, reflecting the strain of the 

individual InAs and InAs1-xSbx layers, on the right and left of the substrate peak, 

respectively.  These modulations result in the most intense SL satellite peak no 

longer corresponding to the SL zero-order (SL0) peak.  The SL0 peak is hidden 

within the GaSb substrate 

 
Figure 38. (004) ω-2θ XRD patterns and simulations (offset below the data) for 

MBE sample set 2 samples B, C, and D. 
 
peak for MBE samples C and D.  The envelope modulation due to the InAs1-xSbx 

layer moves further from the substrate peak for MBE samples B, C, and D as the 

Sb composition increases, as expected.  The simulation for MBE sample D shown 

in more detail in Figure 39 displays excellent agreement with the measured data.  
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However, there is an additional modulation on the SL satellite peaks on the InAs1-

xSbx side of the GaSb peak evidenced by every other peak having higher intensity 

that is not reproduced by the simulation.  This modulation has a period twice that 

of the SL satellite peak period, indicating its origin is a periodic layer in the 

sample with a period half that of the SL period.  Simulations of a third InAs1-xSbx 

interfacial layer in the SL period between the InAs and InAs1-xSbx layers reveal 

modulations similar to those shown in Figure 39.  A possible cause of this 

interfacial intermixing is the substrate temperature increase from 435 °C to 

480 °C for the growth of the 100 nm GaSb cap layer.  A thinner cap layer of 

~10 nm would require one tenth the growth time and thus minimize the effect of 

the 480 °C annealing on the SL structure.  Another possibility is Sb segregation 

resulting in compositionally graded interfaces between the InAs and InAsSb 

layers. 

 
Figure 39. (004) ω-2θ XRD simulation results for MBE sample D. 
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The average SL mismatch with the substrate and the SL0 peak FWHM 

results are summarized in Table 12.  The mismatch and FWHM for samples C 

and D are in italics to denote the SL0 peak position was calculated, due to its 

overlap with the substrate peak, based on the period and the SL satellite peak 

positions and that the FWHM is the mean of all the SL satellite peaks’ FWHMs.  

The average perpendicular SL mismatch is net tensile and less than 0.2 % for all 

the samples, with sample D being the most closely lattice-matched to GaSb at 

0.03 % mismatch. 

Table 12. XRD results summary for MBE sample set 2. 

Sample 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

XRD SL0 
mismatch 

(ppm) 

XRD SL0 
peak 

FWHM 
(arcsec) 

A (0203-1) 0.27 26.5 20 -1930 55 
B (0218-1) 0.28 24.6 20 -1754 35 
C (0218-2) 0.29 24.6 20 -1164 39 
D (0218-3) 0.33 24.5 20 -279 41 

 
 The XRD measurement results for MBE sample set 3 containing ordered 

alloys are shown in Figure 40.  The SL satellite peaks become broader for 

samples E, F, and G as the intended Sb composition in the InAs1-xSbx ordered 

alloy increases.  To increase the Sb composition, the InSb layer thickness was 

increased (see Table 9), which resulted in many more defects in samples F and G 

than in E and thus broader XRD peaks.  Sample E was simulated with an InAs 

layer 17.5 nm thick and an InAs1-xSbx ordered alloy containing 6 periods of 8.7 Å 

of InAs and 2.5 Å of InSb, resulting in x = 0.22.  The simulation is displayed 

below the data in Figure 41.  
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Figure 40. (004) ω-2θ XRD patterns for sample set 3 with ordered alloys. 

 
Some InAs/InAs1-xSbx interfacial intermixing possibly due to annealing is 

evident in MBE sample E as well.  Sample F was simulated well with a 

conventional InAs1-xSbx alloy with x = 0.23, as shown in Figure 42.  As will be 

seen later in the TEM section, only the first period of sample F contained an 

ordered alloy while the rest of the periods appeared to contain conventional 

random alloys.  Thus simulating the XRD pattern with a conventional alloy makes 

sense. 

Table 13. XRD results summary for MBE sample set 3. 

Sample 
Set 3 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Sb 
Duty 
Cycle 
(%) 

No. of 
InAs/InSb 
periods per 

InAs1-xSbx layer 

InSb 
(s) 

InAs 
(s) 

E (0221-1) 22 24.2 20 35 6 3 5.5 
F (0221-2) 23 24.1 20 47 6 4 4.5 
G (0221-3) 36 24.0 20 47 4 6 6.7 
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Figure 41. (004) ω-2θ XRD data and simulation (below the data) for MBE sample 

E.  The simulation used an ordered InAs1-xSbx alloy. 
 

 
Figure 42. (004) ω-2θ XRD data and simulation (below the data) for MBE sample 

F.  The simulation used a conventional InAs1-xSbx alloy. 

The smaller SL period in MBE sample set 4 is evident from the greater SL 

satellite peak spacing in Figure 43.  The primary satellite peak intensity 

modulation near the substrate peak is due to the AlSb barrier layers rather than the 

individual SL layers, which was the case for the larger period samples.  Sample H 

(conventional alloy) had a grid pattern of cloudy spots on the epi-side of the 

wafer, possibly due to storing the wafer for months before growing on it, which 

most likely contributes to the SL satellite peaks having a FWHM (see Table 14) 
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twice that of sample I (ordered alloy) without a pattern on the epi surface.  Either 

the Sb source was running low during the growth of MBE sample I or the ordered 

alloy experienced As-Sb intermixing, resulting in the Sb composition being less 

than one half of its intended value and the average SL mismatch being three times 

that of sample H. 

 
(a)  (b) 

Figure 43. (004) ω-2θ XRD profiles for MBE sample set 4 samples (a) H and    
(b) I.  *Data acquired at AFRL/RXPS. 

Table 14. XRD results summary for MBE sample set 4. 

Sample 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

XRD SL0 
mismatch 

(ppm) 

XRD SL0 
peak 

FWHM 
(arcsec) 

H (0512-1) 0.30 7.4 60 -2231 92 
I (0512-2) 0.13 7.4 60 -7581 45 

  
The SL0 peak mismatch with the GaSb substrate and the SL0 peak 

FWHM are shown in Table 15 for MBE sample set 5.   The majority of the 

samples in MBE set 5 have smaller SL0 mismatches and SL0 peak FWHMs than 

the previous sample sets, indicating they are more strain-balanced to the GaSb 

substrate and have fewer defects.  Figure 44 shows the (004) ω-2θ XRD pattern 
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for MBE sample K as an example of the set.  Its small period results in wider 

spacing between the SL satellite peaks, and the influence of the AlSb barrier 

layers and InAs cap layer is visible between the SL peaks.  The closer view of the 

substrate, SL0, and SL1 peaks in Figure 44b shows the detailed Pendellösung 

fringes, attesting to the abrupt interfaces and high quality of the sample.   

Table 15. XRD results summary for MBE sample set 5. 

Sample Set 5 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

XRD 
SL0 

mismatch 
(ppm) 

XRD SL0 
peak FWHM 

(arcsec) 

J (2301027) 0.34 8.48 58 -1471 36 
K (2301029) 0.37 8.40 58 -997 36 
L (2301030) 0.39 8.62 58 -670 40 
M (2301031) 0.35 10.72 47 -610 36 
N (2301032) 0.35 9.49 52 -759 36 
O (2301033) 0.28 24.47 20 -447 40 
P (2301043) 0.41 7.30 69 -506 35 
Q (2301044) 0.30 17.95 28 -536 30 
R (2301060) 0.35 9.79 209 -907 23 

 

 
(a)                                                                        (b) 

Figure 44. (a) (004) ω-2θ XRD pattern of MBE sample K and (b) a closer view 
around the substrate and two SL satellite peaks showing many Pendellösung 

fringes. *Data acquired at AFRL/RXPS. 
 

Figure 45 displays the (224) reciprocal space map measured using the 

triple axis detector for the 2μm-thick SL sample R.  The spread in the omega 



 

86 

direction is much less than shown in Figure 36 because the triple axis detector 

was used instead of the rocking curve detector.  Use of the triple axis detector also 

enables streak from the incident hybrid monochromator to be observed.  It is seen 

that this 2μm-thick SL sample was grown pseudomorphically on GaSb without 

relaxation. 

 
Figure 45. (224) Reciprocal space map of MBE sample R measured with the triple 

axis detector showing pseudomorphic growth on GaSb for the 2 μm-thick SL.  
*Data acquired at AFRL/RXPS. 

 
4.2.2 Atomic Force Microscopy 

Figure 46 shows AFM scans of MBE samples B and C.  A twin defect and 

some mounds are visible in Figure 46a for MBE sample B.  Figure 46b shows 

more mounds for MBE sample C than B.  The area average RMS roughness of 

sample C, 6.0 Å, is also higher than that of B, 4.6 Å.  Sample D had the smallest 

average area RMS roughness of 3.1 Å for a 20 μm x 20 μm scan.  RMS roughness 

on the order of 2 Å is desirable for atomic layer growth.  AFM scans on MBE 

sample A were not performed, so the data is not included in Table 16. 
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(a)                                                    (b) 
Figure 46. (a) 25 um x 25 um area AFM image for MBE sample B. (b) 20 um x 

20 um area AFM image for MBE sample C.  *Image acquired by Lawrence 
Grazulis at the AFRL/RXPS. 

 
Table 16. AFM area RMS roughness results for MBE sample set 2. 

Sample  Set 2 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Area RMS 
roughness  

(Å) 

AFM scan 
area 

(μm x μm) 

A (0203-1) 0.27 26.5 20 Not available 
B (0218-1) 0.28 24.6 20 4.6 25 x 25 
C (0218-2) 0.29 24.6 20 6.0 20 x 20 
D (0218-3) 0.33 24.5 20 3.1 20 x 20 

 
Only MBE sample E from sample set 3 with ordered alloys was examined 

with AFM.  The 20 μm x 20 μm AFM scan in Figure 47 shows one large defect, 

but the overall area RMS roughness is quite good at 2.7 Å.  MBE samples F and 

G are expected to have higher area roughness values given the broader XRD SL 

satellite peaks indicating a higher density of defects than sample E. 

The AFM scans for MBE sample set 4 are shown in Figure 48.  MBE 

sample H exhibits many small pits on the surface with a few larger pits microns in 

area and hundreds of nanometers deep.  A clear cross-hatch pattern indicating 

many dislocations is visible in the 30 μm x 30 μm AFM scan for MBE sample I in 
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Figure 48b.  Sample I has a SL0-substrate mismatch that is three times that of 

sample H, but sample H has a SL0 FWHM twice that of sample I. 

 
Figure 47. 20 μm x 20 μm AFM scan for MBE sample E.  The area RMS 

roughness is 2.7 Å. *Image acquired by Lawrence Grazulis at the AFRL/RXPS. 
 

The AFM scans for MBE sample set 5 were measured at IQE, Inc., and 

the results are shown in Table 17, indicating atomically flat surfaces for MBE 

samples J – Q, while sample R is significantly rougher due to the ~2μm thick SL. 

 
(a)                                                     (b) 

Figure 48. AFM scans for MBE sample set 4. (a) 20 um x 20 um scan of MBE 
sample H.  The height scale bar is 0 - 471 nm. (b)  30 um x 30 um scan of MBE 

sample I.  The height scale bar is 0 - 7 nm. *Images acquired by Lawrence 
Grazulis at the AFEL/RXPS. 
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Table 17. AFM scan results for MBE sample set 5. 

Sample Set 5 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Area RMS 
roughness 

5 μm x 5 μm 
(Å) 

Area RMS 
roughness 

 20 μm x 20 
μm 
(Å) 

J (2301027) 0.34 8.48 58 2.0 2.1 
K (2301029) 0.37 8.40 58 1.7 1.9 
L (2301030) 0.39 8.62 58 1.6 1.5 
M (2301031) 0.35 10.72 47 1.8 1.6 
N (2301032) 0.35 9.49 52 1.2 1.5 
O (2301033) 0.28 24.47 20 2.3 2.7 
P (2301043) 0.41 7.30 69 1.5 1.8 
Q (2301044) 0.30 17.95 28 1.4 1.6 
R (2301060) 0.35 9.79 209 34.5 43.5 

 
4.2.3 Transmission Electron Microscopy 

 Out of MBE sample set 2, TEM images are only available for MBE 

samples B and C.  The images for MBE sample B show dislocations originating at 

the substrate/buffer interface, within the buffer layer, and within the SL layers.  

The TEM image of MBE sample C, shown in Figure 49, is free of dislocations, so  

 
Figure 49. TEM image of MBE sample C. The GaSb substrate is at the bottom, 
and the GaSb cap layer is shown at the top of the image. *Image acquired by Lu 

Ouyang and Dr. David Smith at ASU. 
 
the defect density is much smaller in this sample than in sample B.  This 

corresponds with the XRD result of sample C having lower mismatch than sample 

B.  The high-resolution lattice image of sample C revealed the InAsSb-on-InAs 
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interface is more abrupt than the InAs-on-InAsSb interface [89], most likely due 

to Sb segregation during growth [33, 90].  The gradual interfacial grading could 

also be responsible for the half-the-SL-period modulation of the SL satellite peaks 

in the XRD patterns as discussed earlier in Section X-ray diffraction.   

The TEM image of the ordered-alloy MBE sample E in Figure 50 clearly 

shows the modulated InAs/InSb layers in the InAs1-xSbx layer.  A few defects are 

visible in other TEM images of this same sample.  Figure 51 shows defects 

similar to vertically-stacked quantum dots throughout the entire SL for MBE 

 
Figure 50. TEM image of MBE sample E clearly showing the six InAs/InSb 

periods comprising the ordered alloy. *Image acquired by Lu Ouyang and Dr. 
David Smith at ASU. 

sample F.  As the InSb thickness in the modulated alloy was increased to try to 

increase the Sb composition in the InAs1-xSbx layer, the strain built up in the InSb 

layer until it was released by forming “InSb quantum dots,” which then 

propagated throughout the rest of the SL periods.  The InAs/InSb ordered layers 

were visible for just the first SL period in another TEM image, but the InAs1-xSbx 

layer looked like a conventional alloy in the rest of the SL periods.  (111) stacking 
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faults were also observed in MBE sample F.  The presence of these defects 

explains the broadened XRD SL satellite peaks. 

 
Figure 51. TEM image of MBE sample F showing stacked defects throughout the 

20-period SL. *Image acquired by Lu Ouyang and Dr. David Smith at ASU. 
 
A representative TEM image from sample set 5 of MBE sample J is 

shown in Figure 52.  The image revealed excellent sample qualities with no 

dislocations visible in the low-magnification image.  The 8.3 nm period 

determined from the TEM agrees well with the 8.5 nm period determined by 

XRD. 

 
Figure 52. TEM image of MBE sample J showing the entire structure without 

dislocations. *Image acquired by Lu Ouyang and Dr. David Smith at ASU. 
 

MBE sample set 5 had the best structural properties out of sets 2-5.  MBE 

sample set 2 had improving mismatches, but the AFM RMS roughness was twice 
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that of most samples in set 5.  Set 3 had ordered InAs1-xSbx alloys with increasing 

InSb layer thicknesses resulting in broad XRD SL satellite peaks and vertically-

stacked defects shown in the TEM for the second sample in the set.  The fourth 

MBE sample set had significantly larger mismatches than the other sets, and the 

AFM revealed pits and cross-hatch for the two samples.  MBE sample set 5 is the 

most promising set for high quality material. 

4.2.4 Photoluminescence 

PL measurements for MBE sample sets 2-4 were done at 5 K using a double-

modulation technique (discussed in Section 5.1) with a Fourier transform infrared 

spectrometer and a 532 nm laser at 105 W/cm2 modulated at 60 kHz.  Due to the 

100 nm GaSb cap layer on MBE sample sets 2 and 3 being approximately five 

penetration depths of the 532 nm laser wavelength in GaSb, the GaSb cap layer 

was etched off with 319 photoresist developer prior to the PL measurements.  PL 

results for MBE samples A, B, C, and H are shown in Figure 53 with the symbols 

representing the data and the solid lines an 8-point adjacent-average smoothing of 

the data.  Gaussian fits were applied, and the peak positions and FWHMs are 

shown in Table 18.  PL from sample D was not measurable.  LWIR samples A, B, 

and C having similar periods confirm the expected trend of longer wavelength 

transitions for increasing Sb compositions in the SL.  Sample H, with a 

significantly shorter period, results in MWIR emission that is more intense than 

the LWIR samples’ emission due to the much higher wave function overlap and 

the AlSb electron barriers.  The agreement between the calculated SL bandgap 

and the PL peaks is quite remarkable given the uncertainty in the measured Sb 
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compositions and periods.  The 14-18 meV FWHMs for samples A, B, and C 

correspond well with the 15-20 meV calculated bandgap shift results for a ± 0.01  

 
Figure 53. Low temperature PL for MBE samples A, B, C, and H.  *Data 

acquired at AFRL/RXPS. 
 
change in x, whereas the layer thickness fluctuation barely affects the calculated 

bandgap due to the large SL period.  Sample H, however, with a much smaller 

period and a 33 meV FWHM, experiences a ~30 meV bandgap shift for a ± 1  

Table 18. Summary of PL results for MBE sample set 1 and MBE sample H. 

Sample 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Calculated 

หΨ݄݄
∗ Ψ݁݀ݖห

2
 

(%) 

Calculated 
bandgap 
at 0 K  
(meV, 
μm) 

PL 
peak  

at 5 K 
(meV, 
μm) 

PL 
peak 

FWHM 
(meV) 

A  
(0203-1) 

0.27 26.5 20 6.1 128, 9.7 
130, 
9.5 

18 

B  
(0218-1) 

0.28 24.6 20 7.0 120, 10.4 
125, 
9.9 

17 

C  
(0218-2) 

0.29 24.6 20 6.6 107, 11.6 
112, 
11.1 

14 

D  
(0218-3) 

0.33 24.5 20 5.6 72, 17.1 - - 

H  
(0512-1) 

0.30 7.4 60 45.2 218, 5.7 
209, 
5.9 

33 
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monolayer InAs1-xSbx thickness change but only ~15 meV for ± 0.01 change in x.  

The PL peak FWHMs also follow the same tendency as the XRD average SL 

mismatch, a wider FWHM for a larger mismatch, demonstrating the correlation 

between strain-balancing and the SL material quality.  Thus, strain-balancing is 

extremely important to avoid dislocations and achieve device quality SL 

materials.   

PL signals from MBE sample set 3 were not measurable.  MBE sample I 

in set 4 demonstrated multiple features on what appeared to be a larger PL peak, 

as shown in Figure 54a, before being corrected for the transmission of the 

diamond cryostat window in the AFRL/RXPS PL setup.  The diamond window 

 
  (a)                                             (b) 

Figure 54. PL measurements for MBE sample set 4 corrected for the AFRL/RXPS 
cryostat diamond window transmission: a) sample I (lock-in time constant 

τ = 1 ms) and b) sample H (lock-in time constant τ = 100 μs).  *Data acquired at 
AFRL/RXPS. 

 
transmission was measured in the same FTIR used for photoconductance 

measurements using an CsI beam splitter, and the transmission is very flat at 70% 

from 7 μm to 25 μm, but from 2.5 μm to 6.5 μm there are several features as 
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shown in Figure 54.  The PL peak position for sample I is at 5 μm, where its 

shape and intensity are greatly affected by the diamond window transmission 

spectrum, but the PL peak for sample H at 5.9 μm only has its intensity minimally 

affected, as shown in Figure 54b.  The increasing signal in Figure 54a from 

0.17 eV to 0.10 eV is an artifact due to the lock-in amplifier time constant being 

too long (1 ms) [91].  Using the same parameters used for the calculated results 

shown in Table 18 for MBE sample set 1, the calculated SL bandgap for sample I 

is 332 meV (3.7 μm), and the measured PL peak is at 247 meV (5.0 μm) with a 

FWHM of 50 meV.  The FWHM is considerably larger than any of the samples 

listed in Table 18.  Relaxation, as demonstrated by the cross-hatch pattern in the 

AFM scan, and uncertainty in the layer thicknesses are the reasons for the 

discrepancy between the calculation and the experimental values.   

Table 19. PL peak location results for MBE sample set 5.  
* Measured by Dr. Oray Orkun Cellek at ASU. 

Sample Set 5 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

PL peak 
location 
 (μm) 

J (2301027) 0.34 8.48 58 5.07 
K (2301029) 0.37 8.40 58 5.37 
L (2301030) 0.39 8.62 58 5.67 
M (2301031) 0.35 10.72 47 6.20 
N (2301032) 0.35 9.49 52 5.78 
O (2301033) 0.28 24.47 20 7.72 
P (2301043) 0.41 7.30 69 5.22 
Q (2301044) 0.30 17.95 28 7.23 
R (2301060) 0.35 9.79 209 5.89 

 
 The samples in MBE sample set 5 were designed to have 10 μm bandgaps 

using the same calculation parameters as above for the results in Table 18, but 

initial PL measurements performed at ASU by Dr. Orkun Cellek on the samples at 

12 K using a 780 nm laser diode modulated at 50 kHz revealed the bandgaps are 
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in the MWIR from 5 μm to 8 μm.  The PL results are listed in Table 19 for MBE 

sample set 5.  The discrepancy between the design and the PL results are 

discussed in Chapter 5.   

MBE samples K and O were also measured at AFRL/RXPS with the 

532 nm laser.  Figure 55 shows the intensity-dependent 4 K PL results for MBE 

sample K after the diamond window transmission correction was applied.   

 
Figure 55. Intensity-dependent PL for MBE sample K.  *Data acquired at 

AFRL/RXPS. 
  

The measurement resolution is 8 cm-1 or ~1 meV.  The lowest intensity 

peak is at 219 meV and the highest intensity peak is at 230 meV, an 11 meV 

change in the given intensity range (~2 decades).  The PL peak position versus 

incident intensity, illustrating the SL miniband filling, is shown in the inset of 

Figure 55.  The low energy side of the peaks remaining fixed while the high 

energy side increases in energy with the pumping intensity.  The opposite is seen 

for an increase in temperature: the high energy side of the PL peak is fixed while 

the low energy side decreases in energy with increasing temperature (See Figure 
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56).  This is due to the temperature changing the SL bandgap and thus the 

absorption edge.   

 
Figure 56. Temperature-dependent PL for MBE sample K.  *Data acquired at 

AFRL/RXPS. 

The temperature-dependent PL results for sample O are shown in Figure 

57 along with the Varshni and Fan fits.  The Fan fit is excellent at low 

temperatures, while the Varshni fit is not as good. 

 
Figure 57. Temperature-dependent PL for MBE sample O.  *Data acquired at 

AFRL/RXPS. 
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Temperature-dependent PL results available for certain samples in MBE set 5 are 

summarized in Table 20, Table 21, and Table 22.  See Section Photoconductance 

for definitions of the following parameters.  The Varshni α parameter for the SLs 

is less than the corresponding parameter for InAs and InSb,  

Table 20. Results for the Varshni equation fit to the temperature-dependent PL.  
Varshni Fit Results 

Sample 
Eg(0)  
meV 

α 
eV/K 

β 
(K) 

Temp. range (K) 

InAs  2.76x10-4 93  
InSb  3.20x10-4 170  

MOCVD A 177 2.75 ± 0.28 x10-4 139 ± 34  10 – 200 
MBE K 229 2.42 ± 0.3 x10-4 106 ± 31 5 – 150 
MBE O 161 1.67 ± 0.06 x10-4 95.8 ± 8.2 5 – 140 

 
indicating the SL bandgaps are less sensitive to changes in temperature than the 

bulk materials.  The Varshni β parameter is between that of InAs and InSb and 

increases with the SL bandgap for these two samples.  The Fan parameters in 

Table 21 are very similar between the SLs except that the average phonon energy 

of sample K is half that of sample O and closer to that of InSb than InAs.  Sample 

K has 37% Sb in the InAs1-xSbx layer as opposed to 28% for sample O.  The 

Debye temperatures of the SLs are less than those of InAs and InSb, agreeing 

with the SL bandgap being less sensitive to temperature than the bulk materials. 

Table 21. Results for the Fan equation fit to the temperature-dependent PL. 
Fan Fit 

Sample 
Eg(0) 
meV 

A 
meV 

<Ep> 
meV 

InAs  44, 20 16, 13 
InSb [66]  26.5, 37.6 9.6, 12.5 

MOCVD A 177 27.1 ± 3.6 10.7 ± 1.1
MBE K 228.5± 0.3 16.3 ± 3.1 7.6 ± 1.1 
MBE O 160.0 ± 0.1 35.7 ± 2.8 15.6 ± 0.7
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Table 22. Summary of the relationships between the Debye temperature, Varsnhi, 
and Fan parameters for one MOCVD and two MBE samples. 

Sample 
ΘD = <Ep>/k

(K) 
α’ 

(eV/K) 
A/α’
(K) 

β 
(K) 

InAs 247   93 
InSb 206   170 

MOCVD A 124 2.1 x10-4 131 139 ± 34 
MBE K 88 1.9 x10-4 86 106 ± 31 
MBE O 181 2.2 x10-4 162 95.8 ± 8.2 

 
In summary, the PL results for MBE sample set 2 agree very well with the 

designed bandgaps for the SL structures.  MBE sample set 3 did not give 

measureable PL signals, and MBE sample set 4 PL results were different from the 

calculated values.  The MWIR PL results for MBE sample set 5 are far from the 

designed 10 μm bandgaps.  This discrepancy is explained next in Chapter 5. 

Overall, the MBE SL samples were better quality than the MOCVD 

samples, with variations in the MBE sample sets due to growth in different MBE 

machines.  The highest quality set of samples was MBE sample set 5 grown by 

IQE with bandgaps covering 5 – 8 μm.  Therefore, this set of samples is used in 

the following two chapters for studies of the InAs/InAs1-xSbx valence band offsets 

(Chapter 5) and the InAs/InAs1-xSbx SL minority carrier lifetimes (Chapter 6). 
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5. DETERMINATION OF THE InAs/InAs1-xSbx VALENCE BAND 

OFFSET 

InAs/InAs1-xSbx strain-balanced SLs on GaSb are a viable alternative to 

the well-studied InAs/Ga1-xInxSb SLs for mid- and long-wavelength infrared 

(MWIR and LWIR) laser and photodetector applications, but the InAs/InAs1-xSbx 

SLs are not as thoroughly investigated.  Therefore, the valence band offset 

between InAs and InAs1-xSbx, a critical parameter necessary to predict the SL 

bandgap, must be further examined to produce InAs/InAs1-xSbx SLs for devices 

operational at MWIR and LWIR wavelengths.  The effective bandgap energies of 

InAs/InAs1-xSbx SLs with x = 0.28 – 0.40 were designed using the three-band 

envelope function approximation model described in Section Three-band model 

with Ev_InAs = -0.59 eV, Ev_InSb = 0, CEg_InAsSb = 0.67 eV, and CEv_InAsSb = 

65%·CEg_InAsSb based on the literature search.  Multiple ~0.5 μm-thick SL samples 

were grown by molecular beam epitaxy on GaSb substrates, as described in 

Chapter 4 for MBE sample set 5.  Structural characterization using x-ray 

diffraction and atomic force microscopy revealed excellent crystalline properties 

with SL zero-order peak full-width-half-maximums between 30 and 40 arcsec and 

20 x 20 μm2 area root-mean-square roughness of 1.6 - 2.7 Å as discussed in 

Sections 4.2.1 and 4.2.2.  Photoluminescence (PL) spectra of these samples cover 

5 to 8 µm as noted in Table 19, and the band offset between InAs and InAs1-xSbx 

was obtained by fitting the calculated values to the experimental PL peaks. 
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5.1 Infrared photoluminescence experiment 

 Three methods for measuring IR PL have been compared: conventional 

PL, frame-to-frame subtraction, and double-modulation [92].  The term double-

modulation comes from the input pump laser being chopped in addition to the 

slowly varying FTIR modulation of the PL signal, and the frame-to-frame 

subtraction method subtracted the background spectra taken while the mirror 

traveled back to its zero path difference position from the signal spectra taken 

while the mirror traveled away from the zero path difference position.  The 

double-modulation technique had a higher signal-to-noise ratio than the frame-to-

frame subtraction method, and the PL signal was difficult to discern amongst the 

background when using the conventional PL method.  The double-modulation 

technique was recommended [92]; however, the data acquisition time is the 

longest of all the techniques due to it using the slowest mirror speed.  The slower 

mirror velocity allows the noise bandwidth to be decreased due to the availability 

of larger time constants for the lock-in output low pass filter [92]. 

The PL spectra for this study were taken using the double-modulation 

technique with a Fourier transform infrared (FTIR) spectrometer to suppress the 

background signal from room temperature (~300 K) blackbody radiation.  Figure 

58 shows the calculated 300 K blackbody radiation (W/cm2) curve given by [93] 

 ܵሺߣሻ ൌ
ଶ݄ܿߨ2

ହߣ
1

݁

ఒ் െ 1

, (96) 
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which peaks at approximately 10 μm and adds significant background to PL 

signals above 5 μm until the 12 μm HgCdTe detector cutoff.  Also shown in 

Figure 58 are the background signal and the PL signal from MBE sample A when 

 
Figure 58. The photoluminescence setup background signal with and without 

using a lock-in amplifier, a 300 K blackbody curve, and an actual PL signal for 
MBE sample A.  *Data acquired at AFRL/RXPS. 

 
a lock-in amplifier has been added to the setup and the pumping laser has been 

chopped at 60 kHz.  Clearly, the background signal has been suppressed.  Such a 

large background signal disguises the actual sample PL signal and makes the 

measurement interpretation much more difficult, as demonstrated in Figure 59.     

The FTIR is based on a two-beam Michelson interferometer with one 

moving, or scanning, mirror.  A schematic of the interferometer is shown in 

Figure 60 [94].  The incident beam is split into two coherent beams at the beam 

splitter with one beam traveling a fixed path length while the other travels a 

varying path length based on the mirror speed.  When the beams recombine at the 

beam splitter and travel to the detector, they interfere according to the phase 
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change introduced by the optical path length difference.  Since different 

wavelength light interferes constructively at different optical path length 

differences, the spectral information in a light beam can be extracted from the 

detector signal versus the mirror position [94]. 

 
Figure 59. Photoluminescence of an 8 μm SL sample with and without the lock-in 

amplifier showing the signal distortion due to the background 300 K blackbody 
radiation.  *Data acquired at AFRL/RXPS. 

 
The optical path length difference, δ, is also called the retardation and for 

constructive interference is given by 

ߜ  ൌ  (97) ,ߨ݊

where n is an integer.  The detector signal can be written for a single frequency as 

[94] 

 ܵሺߜሻ ൌ
1
2
ሻሾ1ሺ݇ܫ  cosሺ2݇ߜߨሻሿ, (98) 

were Io is the incident beam intensity with wavelength λo and ko = 1/λo is the wave 

number with units cm-1.  The modulated part of the signal [94], 
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 ܵܽܿሺߜሻ ൌ ሻሺ݇ܤ cosሺ2݇ߜߨሻ, (99) 

 
Figure 60. Schematic diagram of the Michelson interferometer used in the FTIR 

spectrometer [94]. 
 
is called the interferogram.  Equation (99) gives ܵሺߜሻ as the mathematical form 

of the Fourier cosine transform, which is the real part of the Fourier transform, of 

 ሺ݇ሻ [94].  Therefore, by taking the inverse Fourier transform of the measuredܤ

ܵሺߜሻ, the spectral information in the incident beam can be recovered.  A block 

diagram of the FTIR PL measurement is shown in Figure 61.   

 
Figure 61. Block diagram of the FTIR PL measurement. 
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The interferogram is actually measured with respect to time rather than 

retardation, so the optical path length difference must be converted to time using 

the constant mirror velocity, v, [94] 

ߜ  ൌ ,ݐݒ2  (100)

 ܵሺݐሻ ൌ ሺ݇ሻܤ cosሺ2݇ߨ2ݐݒሻ → ሺ݂ሻܤ cosሺ2ݐ݂ߨሻ, (101)

 ݂ ൌ ݇ݒ2 ൌ
ݒ2
ߣ
. (102)

The first modulation of the λo PL signal has a frequency given by Eq. (102), and 

to add the second modulation needed to reduce the background, the sampling 

frequencies must be considered.  Nyquist’s sampling theorem says the sampling 

frequency must be at least twice (although ten times is more practical) the highest 

frequency in the signal in order to avoid distorting the signal [94].  The FTIR 

triggers sampling of the detector signal to create the interferogram at either a 

positive or negative going zero crossing of a HeNe laser reference signal, 

resulting in the FTIR sampling frequency 

 ௦݂ ൌ
ݒ2

0.6328 ⋅ 10ିସܿ݉
. (103)

For a mirror speed of 0.10 cm/s, the sampling frequency is 3.16 kHz, and incident 

beams with wavelengths longer than 1.27 μm can be sampled without distortion.  

Increasing the mirror speed decreases the wavelengths that can be sampled 

properly, and correspondingly, decreasing the mirror speed increases the 

wavelength limit.  A PL beam with expected wavelengths longer than 5 μm 

measured with an FTIR mirror velocity of 0.05 cm/s contains FTIR modulated 

frequencies less than 200 Hz.  The sampling frequency at this mirror speed is 
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eight times the frequency of the shortest wavelength in the PL beam.  The highest 

FTIR modulated frequency in the PL beam is given by the shortest wavelength as 

 ݂ ൌ
ݒ2
ߣ
, (104)

and ideally the sampling frequency should be ten times greater than the modulated 

PL frequency 

 ௦݂  10 ݂. (105)

To successfully add the double modulation to the FTIR PL measurement, 

the addition of chopping the pump laser beam and the lock-in amplifier must be 

seamless to the FTIR sampling and Fourier transform electronics.  This requires 

the chopping frequency to be 

 ݂  10 ௦݂, (106)

and the lock-in amplifier low pass filter 3dB frequency and time constant 

 ௦݂  ଷ݂ௗ  10 ݂, (107)

 ߬ ൌ
1

ߨ2 ଷ݂ௗ
, (108)

in order to reproduce the PL signal before the inverse Fourier transform is 

performed.  Increasing the lock-in time constant can result in the low pass filter 

removing some shorter wavelength components of the PL spectrum, thus 

distorting the actual spectrum, despite higher time constants resulting in smoother 

signals.  Increasing the number of FTIR scans that are coadded is a better way to 

reduce the noise since to the signal to noise ratio is also proportional to the square 

root of the number of scans.  Combining all the frequency requirements together 

gives [91] 
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 0.1 ݂ 
1
߬ߨ2

 10 ݂, ܽ݊݀ (109)

 0.1 ݂  ௦݂  ଷ݂ௗ (110)

The example above for the PL spectrum with wavelengths greater than 5 μm 

results in fs = 1567 Hz and requires τ ≤ 80 μs and fch > 20 kHz.  The block 

diagram of the double-modulation technique is shown in Figure 62. 

 
Figure 62. Block diagram of the double-modulation technique for the FTIR PL 

measurement. 
 

The measured spectrum is actually the result of the convolution of the 

Fourier transform of the real spectrum and the Fourier transform of an 

instrumental line shape function, which is nominally a sinc function from the 

Fourier transform of a rectangular (or boxcar) function arising from the limited 

mirror path length and thus limited range of the interferogram [94].  This sinc 

function causes unwanted side lobes to appear in the transformed spectrum.  

Suppression of the side lobes is defined as apodization and is accomplished with 
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apodization functions [94].  The apodization function is unity at the zero path 

difference and decays to zero in some manner at the maximum path difference.  

The choice of apodization function affects narrow spectral signals more 

significantly due to greater signal content at larger path length differences or 

retardations.  A signal with broad spectral content produces an interferogram that 

decays quickly as the path length difference increases, making it less sensitive to 

the apodization function [94].  The PL setup at AFRL/RXPS used the Bartlett 

apodization function, which is a triangle function, and only results in side lobes 

on the higher wave number side of a peak since the Fourier transform of the 

triangle function is a sinc2 function. 

The double-modulation FTIR PL setup used at AFRL\RXPS consisted of a 

Bomem DA3 FTIR spectrometer, a closed-cycle helium cryostat capable of 

reaching 4 K with a diamond window, a 532 nm continuous-wave laser with a 

maximum output of 2.2 W, an electro-optical modulator tuned to 532 nm for 

chopping the laser beam at 60 kHz, and liquid-nitrogen cooled HgCdTe detectors 

with cutoff wavelengths of either 12 μm or 20 μm. 

For this band offset study, the samples were measured at ASU and were 

kept at 12 K in a closed-cycle helium cryostat with a ZnSe window and were 

optically excited with a 780 nm laser diode modulated at 50 kHz with an average 

power density on the order of ~10 W/cm2.  The FTIR scan speed was 0.15 cm/s, 

and the time constant was 30 μs, giving: fpl = 600 Hz, fs = 4740 Hz (8fpl), f3dB = 

5305 Hz (8.8fpl), fch= 10.5fs, fch = 9.4 f3dB, f3dB > fs, which meet all of the 

requirements given above. 
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Figure 63. Normalized 12 K photoluminescence spectra of the MBE sample set 5: 

InAs/InAs1-xSbx SL samples with x = 0.28 – 0.40. *Data acquired by Dr. Oray 
Orkun Cellek at ASU. 

 
The PL signal was collected with gold-coated parabolic mirrors and analyzed with 

an FTIR system equipped with a 15 m cut-off HgCdTe photodetector.  The 

normalized PL spectra of the samples are shown in Figure 63 and the peak 

wavelengths range from 5.1 μm to 7.7 μm. 

5.2 Modeling the superlattice photoluminescence results 

The three-band model was used to determine the band offsets by 

calculating the SL bandgap that agreed with the experimental PL peak energies.  

The difference between the model’s bandgap and the PL peak was minimized 

using the Matlab function fmincon [95].  The model allowed for the possibility of 

both type-II alignments and type-I by adjusting the material parameters of the 

quantum wells and barriers accordingly.  If the layers were too thin to have a 

quantum confined electron energy level, the top of the higher conduction band 
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was used as the electron level which results in smaller errors than if the free 

electron levels were used.  In fact, only samples O and Q with the largest periods 

have confined electron levels when the type-IIa alignment is used.  The parameter 

CEv_InAsSb in Eq. (29) was fit for a selection of InAs/InSb valence band offsets 

listed in Appendix B (Ev_InSb = 0 eV; Ev_InAs = -0.43, -0.50, -0.59, -0.61 eV) and 

two InAs1-xSbx bandgap bowing constants (CEg_InAsSb = 0.67 eV [45], 0.80 eV 

[38]).  Assuming CEv_InAsSb is constant over the Sb composition range of the 

present samples, the calculated CEv_InAsSb parameter for the entire set of samples 

and the error defined as √[Σ(Eg_Calc - EPL)2/N] are shown in Table 23. 

Table 23. Results for CEv_InAsSb from fitting the experimental photoluminescence 
data for the InAs/InAs1-xSbx SL MBE sample set 5. 

InAs/InSb  
valence band offset 

(eV) 

CEg InAsSb = 0.67 eV CEg InAsSb = 0.8 eV 
CEv_InAsSb 

(eV) 
Error 
(eV) 

CEv_InAsSb 
(eV) 

Error 
(eV) 

0.43 -0.320 0.008  -0.286 0.009  
0.50 -0.214 0.009  -0.181 0.010 
0.59 -0.076 0.010  -0.042 0.011  
0.61 -0.045 0.010  -0.012 0.011  

 
The negative values for CEv_InAsSb indicate a type-IIb alignment between 

InAs and InAs1-xSbx rather than a type-IIa alignment, and the magnitude of 

CEv_InAsSb decreases while the error for the fit to the sample set increases slightly 

as the InAs/InSb valence band offset increases.  The same trends are followed for 

both CEg_InAsSb values.  If an InAs/InSb valence band offset of 0.61 eV is used with 

an InAs1-xSbx bandgap bowing parameter of 0.8 eV, a linear interpolation of the 

InAs1-xSbx valence band edge between the InAs and InSb valence band edges is a 

good fit since the results show only 1.2% of the InAs1-xSbx bandgap bowing in the 

valence band.  However, if an InAs/InSb valence band offset of 0.50 eV is used 
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with an InAs1-xSbx bandgap bowing parameter of 0.67 eV, the results show 21.4% 

of the InAs1-xSbx bandgap bowing should be attributed to the valence band.  

Therefore, the initial assumed InAs/InSb valence band offset in the model greatly 

affects the amount of bandgap bowing attributed to the InAs1-xSbx valence band 

edge for this sample set.  

 
Figure 64. The calculated InAs1-xSbx bandgap bowing attributed to the valence 
band for CEg_InAsSb = 0.67 eV (solid symbols) and for CEg_InAsSb = 0.80 eV (open 

symbols) for the samples studied here and two sets of samples from Refs [50] and 
[22]. The model used Ev_InAs = -0.59 eV and Ev_InSb = 0 eV. 

 
 Over the range of x values studied here, CEv_InAsSb varies linearly with x, 

when fitting the PL peak of each sample individually, as shown in Figure 64 for 

both CEg_InAsSb = 0.67 eV (solid symbols) and 0.80 eV (open symbols).  The 

magnitude of CEv_InAsSb decreases as x increases.  The CEv_InAsSb values fit using 

CEg_InAsSb = 0.80 eV (open symbols) are slightly larger than those fit using 

CEg_InAsSb = 0.67 eV (solid symbols) with the discrepancy increasing as x 

increases.  The linear fits to CEv_InAsSb for the sample set studied here are shown 
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extended to x = 0.05 in Figure 64 for CEg_InAsSb = 0.67 eV (CEv_InAsSb = 1.58x - 0.62 

eV as a dash-dot line) and for CEg_InAsSb = 0.80 eV (CEv_bowing = 1.76x - 0.65 eV as 

a dotted line).  Also plotted are the calculated CEv_InAsSb values for two sets of 

sample structures from the literature: MBE-grown structures on InAs substrates 

from Liu, et al. [50] and MOCVD-grown structures on GaSb substrates from 

Lackner, et al. [22].  Although there is more spread in the Liu and Lackner data, 

the CEv_InAsSb values lie reasonably along the line calculated for the data from 

MBE sample set 5. 

 
Figure 65. The InAs/InAs1-xSbx fractional valence band offset, Qv, versus x for 

CEg_InAsSb = 0.67 eV (solid symbols) and for CEg_InAsSb = 0.80 eV (open symbols) 
for MBE sample set 5. 

 
 The fractional valence band offset, Qv in Eq. (26), between InAs and 

InAs1-xSbx unstrained and strained on GaSb resulting from the calculated 

CEv_InAsSb values, is shown versus x in Figure 65 for MBE sample set 5 for the 

cases of CEg_InAsSb = 0.67 eV (solid symbols) and CEg_InAsSb = 0.80 eV (open 

symbols) when Ev_InAs = -0.59 eV and Ev_InSb = 0 eV.  Figure 65 shows Qv is fairly 
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constant over the given Sb composition range.  The Qv values for the unstrained 

case are lower than the strained case due to the shifting of the band edges causing 

ΔEv to increase. 

Also plotted in Figure 66 are the calculated strained Qv results for Liu [50] 

and Lackner’s [22] samples.  Together, all three sets of samples cover the InAs1-

xSbx composition range from x = 0.07 to 0.41.  The best fitting Qv values for the 

three sets are shown in Table 24.   

Table 24. Summary of the InAs/InAs1-xSbx fractional valence band offset Qv for 
three sets of superlattice structures. 

Sample Set 
Strained Qv (ΔEv/ΔEg) 

CEg_InAsSb = 0.67 eV CEg_InAsSb = 0.80 eV 
Liu [50] 1.82 ± 0.07 1.54 ± 0.06 

Lackner [22] 1.86 ± 0.14 1.57 ± 0.12 
This work 1.75 ± 0.03 1.45 ± 0.02 

 

 
Figure 66. The InAs/InAs1-xSbx strained fractional valence band offset, Qv, vs. x 

for CEg_InAsSb = 0.67 eV (solid symbols) and for CEg_InAsSb = 0.80 eV (open 
symbols) for the samples studied here and two sets of samples from Refs [50] and 

[22].  The model used Ev_InAs = -0.59 eV and Ev_InSb = 0 eV. 
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The results agree with each other within the error, with the set from this 

work covering x = 0.28 to 0.41 giving the lowest value and the least variance.  

The Qv values for CEg_InAsSb = 0.80 eV (open symbols) are ~0.30 less than those 

for CEg_InAsSb = 0.67 eV (solid symbols).  However, the calculated fractional 

valence band offset is observed to be fairly constant versus x for both values of 

InAs1-xSbx bandgap bowing using the current model for the range of samples 

studied.  Therefore, designing InAs/InAs1-xSbx SLs using the Qv parameter is 

simpler than using the CEv_InAsSb parameter.  The calculated bowing in the InAs1-

xSbx valence band and the fractional valence band offset parameter may depend 

on the growth conditions, causing the variation in the data shown in Figure 64 and 

in Figure 66 for the samples grown by three different groups.  

It should be noted that the model used here assumes abrupt interfaces 

between the two superlattice layers.  In reality, As and Sb segregation and 

intermixing occur during the SL growth, resulting in compositional grading at the 

interfaces between the InAs1-xSbx and InAs layers.  The present calculations do 

not take any interface grading or layers into account. 

5.3 Summary 

In summary, PL peak positions for InAs/InAs1-xSbx strain-balanced SLs 

with x = 0.28 – 0.40 grown by MBE on GaSb substrates were used to fit the 

bowing in the InAs1-xSbx valence band and the type-IIb fractional valence band 

offset, Qv = ΔEv/ΔEg, using a three-band envelope function approximation model. 

The bowing in the valence band was found to depend on the initial InAs/InSb 

valence band offset and varied linearly with x as CEv_InAsSb = 1.58x - 0.62 eV for 
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an InAs1-xSbx bandgap bowing parameter of 0.67 eV.  A fractional valence band 

offset, Qv = ΔEv/ΔEg, of 1.75 ± 0.03 was determined when InAs/InAs1-xSbx is 

strained on GaSb and agrees reasonably with other published data for InAs/InAs1-

xSbx samples with x = 0.07 – 0.27.  For the samples studied here, Qv = 1.03 ± 0.03 

when unstrained.  It is recommended to design InAs/InAs1-xSbx superlattice 

structures using the fractional valence band offset Qv rather than a fraction of the 

bandgap bowing in the valence band, CEv_InAsSb, which is dependent on x. 
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6. MINORITY CARRIER LIFETIME OF InAs/InAs1-xSbx 

SUPERLATTICES 

6.1 Introduction 

Time-resolved photoluminescence measurements revealed a minority 

carrier lifetime of > 412 ns at 77 K under low excitation for a long-wavelength 

infrared InAs/InAs0.72Sb0.28 type-II superlattice (T2SL).  This lifetime represents 

an order-of-magnitude increase in the minority carrier lifetime over previously 

reported lifetimes in long-wavelength infrared InAs/Ga1-xInxSb T2SLs.  The 

considerably longer lifetime is attributed to a reduction of non-radiative 

recombination centers with the removal of Ga from the superlattice structure.  

This lifetime improvement may enable background limited T2SL long-

wavelength infrared photodetectors at higher operating temperatures. 

The InAs/Ga1-xInxSb type-II superlattice (T2SL) is so far the most 

investigated III-V T2SL material for mid- and long-wavelength infrared (MWIR 

and LWIR) photodetectors.  T2SLs are predicted to have a number of advantages 

over the currently used bulk HgCdTe, including a decreased dependence of the 

bandgap on compositional non-uniformity, the ability to leverage III-V 

manufacturing capabilities, the lower cost of substrates, a higher electron effective 

mass leading to smaller tunneling currents, and lower Auger recombination rates 

due to band-engineering and thus lower dark currents [2].  However, reported 

minority carrier lifetimes at 77 K are 50 – 80 ns for MWIR InAs/Ga1-xInxSb 

T2SLs [38, 96] and 10 – 40 ns for LWIR InAs/Ga1-xInxSb T2SLs [38, 82, 97] as 

compared to 1 μs for Hg0.78Cd0.22Te (~10 μm bandgap [38]).  The short minority 
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carrier lifetime has been attributed to Shockley-Read-Hall (SRH) recombination 

and is detrimental to the device dark current and quantum efficiency [83].  

Calculations show that a 350-ns lifetime should be reached in order for a LWIR 

T2SL pn homojunction photodiode to achieve background limited operation 

(BLIP) at 80 K with F/6.5 optics in a 300 K background [97]. 

Campaigns to improve the minority carrier lifetime have led to 

investigations of the InAs/Ga1-xInxSb T2SL interface type [98] and density [84, 

99], as well as doping concentration [38, 100], but have thus far resulted in minor 

or no improvements in the carrier lifetime.  It is hypothesized that a native defect 

associated with InAs or GaSb limits the carrier lifetime [99].  The measured 

lifetimes of bulk InAs (~325 ns at 77 K) [99], bulk InAs0.80Sb0.20 (250 ns at 77 K) 

[38], and InAs0.875Sb0.125 on GaSb (200 ns at 300 K) [101] are longer than that of 

bulk GaSb (~100 ns) [99], suggesting that defects associated with GaSb and other 

Ga-related bonds limit the lifetime of InAs/Ga1-xInxSb T2SLs and that InAs/InAs1-

xSbx T2SLs should have a longer minority carrier lifetime than InAs/Ga1-xInxSb 

T2SLs. Furthermore, InAs/InAs1-xSbx T2SLs have been successfully 

demonstrated for MWIR lasers and proposed for LWIR photodetectors [18, 33].  

A theoretical comparison between LWIR InAs/InAs1-xSbx and InAs/Ga1-xInxSb 

T2SLs, which excludes SRH recombination, found that the ideal detectivities of 

the two types of T2SL devices are comparable and are both greater than that of 

HgCdTe devices [19].  This chapter reports an order-of-magnitude improvement 

of the minority carrier lifetime for LWIR InAs/InAs1-xSbx T2SLs over that of 

LWIR InAs/Ga1-xInxSb T2SLs.  A carrier lifetime of > 412 ns at 77 K under low 
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excitation was observed for a LWIR InAs/InAs0.72Sb0.28 T2SL as determined by 

time-resolved photoluminescence (TRPL) measurements. This improvement in 

minority carrier lifetime could enable LWIR T2SL BLIPs to have lower dark 

current and operate at higher operating temperatures. 

6.2 Lifetime theory 

Several recombination mechanisms contribute to the minority carrier 

lifetime in semiconductor devices.  The most commonly addressed processes are 

radiative recombination and non-radiative recombination including Shockley-

Read-Hall (SRH) and Auger.  Radiative recombination results in photon emission, 

SRH recombination results in phonon-emission after the electron and hole 

recombine involving a mid-gap state caused by an impurity or other defect, and 

Auger recombination also results in phonon-emission from a third carrier that is 

excited from either the conduction or the valence band edge to a higher energy 

state in the corresponding band by the energy released from the electron-hole 

recombination.  Each recombination process has a corresponding recombination 

lifetime, τ, defined in terms of the net recombination rate, R, and excess carrier 

density, δn,  

 ߬ ൌ
݊ߜ
ܴ
. (111)

The total lifetime is  

 
1
߬
ൌ

1
߬ௌோு


1

߬ோௗ


1
߬௨

. (112)

 The following analyses assume the semiconductor is non-degenerate, 

which may not be the case at all temperatures for the SL samples analyzed below.  
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The net radiative recombination rate in thermal equilibrium without external 

electrical or optical excitation is 

 ܴௗ ൌ ሺ݊ܤ െ ݊ሻ, (113)

where no, po are the equilibrium carrier concentrations, nopo= ni
2, and B is the 

radiative or bimolecular recombination coefficient [56].  Under external excitation 

in steady-state, the carrier concentrations become  

 ݊ ൌ ݊  (114) ,݊ߜ

  ൌ   (115) ,ߜ

with δn, δp the excess carrier densities and δn = δp for band-to-band transitions 

[56].  The radiative recombination rate with external excitation is then  

 ܴோௗ ൌ ሺ݊ܤ    (116) .݊ߜሻ݊ߜ

In the low-level injection case, when Δn, Δp ≪ (n0 + po), the radiative lifetime is 

 
߬ோௗ ≅

1
ሺ݊ܤ  ሻ

, (117)

and in the high-level injection regime, when δn, δp ≫ (n0 + po), the radiative 

recombination rate and lifetime are 

 ܴோௗ ≅ ሻଶ, (118)݊ߜሺܤ

 
߬ோௗ ≅

1
݊ߜܤ

. (119)

Infrared detectors typically operate under low incident intensity, so the low-

injection case is more relevant, while lasers operate under high-injection. 

SRH non-radiative recombination can involve four processes between the 

carriers, phonons, and trap states: i) electron capture, ii) electron emission, iii) 

hole capture, and iv) hole emission [56].  The trap concentration is Nt, the capture 
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coefficients are cn and cp for electrons and holes, σp, σn are the capture cross 

sections, vth is the three-dimensional mean carrier velocity, ET is the trap state 

energy and only one trap energy level is considered here, fto is the probability that 

the trap state is occupied by an electron at thermal equilibrium, n1 and p1 are the 

ratios of the trap emission and capture coefficients for the electrons and holes and 

n1p1= ni
2, and τn and τp are electron and hole lifetimes as defined below.  The net 

SRH recombination rate under thermal equilibrium is [56] 
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Assuming the trap energy state degeneracy equals one, n1 and p1 can also be 

written as [102]  

 ݊ଵ ൌ ݊݁
ாିாಷ
் ൌ ݊݁

ாିா
் , (126)
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The emission and capture coefficients, en and cn, are assumed to remain equal to 

their equilibrium values under external excitation [102].  In the low-level injection 

case,  

 
ܴௌோு ≅

ሺ݊  ሻ

߬ሺ݊  ݊ଵሻ  ߬ሺ  ଵሻ
(128) ,݊ߜ

 
߬ௌோு ≅

߬ሺ݊  ݊ଵሻ  ߬ሺ  ଵሻ

݊  
, (129)

and under high-level injection assuming δn = δp and Δn, Δp ≫ n1, p1, 

 
ܴௌோு ≅

݊ߜ
߬  ߬

, (130)

 ߬ௌோு ≅ ߬  ߬. (131)

In thermal equilibrium, the total net Auger recombination rate can be 

written in terms of the electron and hole Auger coefficients, Cn and Cp, as [56]  

 ܴ௨ ൌ ൫ܥ݊  ൯ሺ݊ܥ െ ݊
ଶሻ. (132)

When an external excitation is applied, the recombination rate under the 

assumption of δn = δp becomes 

 ܴ௨ ൌ ∆݊ሾሺ݊ܥ  ሻሺ݊݊ߜ    ሻሿ݊ߜ

 ∆݊ሾሺܥ  ሻሺ݊݊ߜ    .ሻሿ݊ߜ
(133)

Under low-level injection, Δn ≪ (n0 + po), 

 ܴ௨ ൌ ሺ݊݊ߜ  ݊ܥሻ൫  ,൯ܥ (134)

and under high-level injection, Δn ≫ (n0 + po), 

 ܴ௨ ൌ ሺ݊ߜሻଷ൫ܥ  .൯ܥ (135)

The Auger lifetime is then defined using Eq. (111). 
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The temperature dependence of the different recombination lifetimes is 

useful for identifying which process is dominating in a semiconductor in certain 

temperature ranges.  Since the samples studied with time-resolved PL were n-type 

SLs, the focus of the following is on n-type semiconductors.  For an n-type 

semiconductor with a trap energy level between the intrinsic and conduction band 

energies (Ei < Et < Ec), the SRH temperature-dependence can be divided into 

three regions as follows [103] 

1. Et < EF < Ec, no > po, n1, p1, 

 ߬ௌோு ൎ ߬ ൌ
1

௧ݒߪ ௧ܰ
, (136)

which has a T-1/2 dependence due to vth having a temperature dependence of T1/2. 

2. Ei < EF < Et, no > po, no < n1 , n1 > p1, and po > p1, 
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ൌ ௩ܰ݁
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௧ݒߪ ௧ܰ݊
, (137)

with the exponential dominating the temperature behavior, resulting in the 

lifetime increasing with increasing temperatures. 

3. High temperature intrinsic region, EF = Ei, no = po = ni, n1 > ni, and 

p1 < ni, 

 ߬ௌோு ൎ
ܰ݁

൬
ா
ଶ்ି
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௧ݒߪ2 ௧ܰඥ ܰ ௩ܰ
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௧்ܰݒߪ2
, (138)

where again the exponential dominates, but now the lifetime decreases with 

increasing temperature [103].  An example using the material parameters from 

MBE sample O is shown in Figure 67.  The transitions between regions 1 and 2 
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and regions 2 and 3 occur at no = n1 and no = ni, respectively.  Changing the trap 

density or the capture cross sections shift the curves up or down. 

 
(a)                                                           (b) 

Figure 67. Calculated temperature-dependent SRH lifetime versus a) 1000/T and 
b) T for three different trap energy levels.  The transition temperature between 
regions 1 and 2 depends on the trap energy level, and the transition between 

regions 2 and 3 occurs at ~142 K for the given no = 5x1014 cm-3. 

The temperature dependence of the radiative lifetime can be discerned 

from the following equations.  Writing the radiative lifetime as 
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1
ሺܤ  ݊  ሻ݊ߜ

ൌ
݊
ଶ
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. (139)

where Gr is the radiative generation rate given by 
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with the blackbody photon density distribution q(f), index of refraction nr, 

absorption coefficient α(f), and speed of light c [104].  The intrinsic carrier 

concentration is 
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݊ ൌ ඥ ܰ ௩ܰ݁
ିா/ଶ். (142)

The largest possible radiative lifetime occurs for an intrinsic semiconductor (see 

Eq. (117)) and under low excitation is [104] 

 ߬ௗ,௫ ൌ
݊
ܩ2

. (143)

When the semiconductor is doped, the radiative lifetime is [104] 
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or in terms of the compensated dopant density, Nr = no - po, [104] 
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and at low temperatures when ni is extremely small, [104] 

 
߬ௗ,௪் ≅

݊
ଶ

ܩ ܰ
. (146)

Both ni and Gr have temperature dependence, but Gr has a stronger 

dependence on temperature than ni in some temperature ranges [104].  Blakemore 

states at higher temperatures, i.e. above 180 K, ni
2 and Gr have about the same 

temperature dependence, so the lifetime is essentially temperature independent 

[104].  For higher temperatures, the bandgap decreases which increases ni
2, and 

the number of blackbody photons above the bandgap increases, so Gr also 

increases.  Blakemore assumes Gr varies as ݁ି
ಶశഃ

ೖ with δ being small compared to 

Eg.  Then for lower temperatures the radiative lifetime is proportional to T3/2 as 

shown by 
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(147)

If the temperature dependence of the bandgap is ignored, as is reasonable 

below 60 K for these SL samples, or perhaps for much larger bandgap materials 

with δ small compared to Eg, the radiative lifetime is again proportional to T3/2.  

The radiative lifetime in intrinsic material should vary as ݁ିா/ଶ் due to the 

exponential term dominating the other temperature dependences [103].  As shown 

in Figure 68 below, where each term is scaled to the same order of magnitude for 

comparison, this is the case at high temperatures where the material is intrinsic. 

 
(a)                                                           (b) 

Figure 68. Calculated temperature dependence of the terms in the radiative 
lifetime equation.  Each term is scaled to the same order of magnitude for 

comparison. 

For n-type narrow bandgap semiconductors, the Auger CHCC process, or 

A1, dominates and the net Auger recombination rate is [103] 

 ܴ௨ ൌ ,ଵ݊ሺ݊ܥ െ ݊
ଶሻ, (148)
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The relative static dielectric constant is εs, and the overlap integrals are F1 and F2.  

The value of |ܨଵܨଶ| is usually between 0.1 and 0.3, which can change the lifetime 

by an order of magnitude [103].  Assuming the bands are parabolic and the 

semiconductor is non-degenerate, μ ≪ 1.  Then the Auger lifetime for intrinsic 

material is [103] 
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and for extrinsic materials is [103] 
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To observe the Auger lifetime temperature dependence, the above 

equations are calculated using the parameters of MBE sample O and graphed 

below in Figure 69 for three values of the electron effective mass.  At high 

temperatures in the intrinsic region, the Auger lifetime decreases with increasing 

temperature, and at very low temperatures in the extrinsic region, the lifetime also 

decreases with increasing temperature.  Between these two regions, the 

temperature behavior of the Auger lifetime depends on the electron effective mass 

but is comparatively constant. 
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(a)                                                           (b) 

Figure 69. Calculated Auger lifetime temperature dependence for three values of 
electron effective mass. 

 
6.3 Time-resolved photoluminescence experiment 

The InAs/InAs1-xSbx T2SLs were designed with AlSb barriers for TRPL 

measurements.  The AlSb barriers ensure that the measured PL decay time is due 

to carrier recombination in the T2SL and the influence of carrier transport, surface 

recombination, or any junction fields within the sample is minimized.  Studies of 

a T2SL homojunction have shown that the restoring current in a narrow-bandgap 

junction results in an ostensibly long PL lifetime [98].  The samples were grown 

by molecular beam epitaxy on undoped 2-inch GaSb substrates with a 500-nm 

GaSb buffer layer.  The T2SLs consist of varying number of periods of InAs and 

InAs1-xSbx totaling 500 nm-thick.  The T2SLs were unintentionally doped n-type 

(~3x1016 cm-3 at 10 K) as determined by Hall measurements.  AlSb barrier layers 

(100 Å), above and below the T2SLs, are used to confine the electrons to the 

superlattice as well as to provide an adequate heavy hole barrier of over 100 meV.  
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The entire structure is capped with 100 Å of p+ InAs.  Photoluminescence (PL) 

measurements show peak emission from 5 –8.2 μm (150 meV) at 77 K.  

TRPL measurements were performed on the T2SL samples at 11, 40, 77, 

110, 150, 200, and 250 K.  An ultrafast laser with ~100 fs pulses at a 250 kHz 

repetition rate with 2 μm (0.62 eV) emission wavelength (energy) was used to 

excite carriers in only the T2SL region to excess carrier densities between 1015 

and 1017 cm-3.  The carrier concentrations were calculated using an absorption 

coefficient of 104 cm-1 from published n-type InAs room-temperature absorption 

data at 0.62 eV [105].  This is a reasonable absorption coefficient value given that 

the laser pump energy is well above the SL band edge energy.  The PL was 

detected with an HgCdTe detector operating at 200 K with a 3 ns temporal 

resolution and a 1 x 1 mm2 detector area.  A 3.6 μm long pass filter isolated the 

PL signal from the pump laser scattering.  Further details of the experimental 

technique can be found in Ref. [82]. 

6.4 Lifetime results and discussion 

The TRPL signal for MBE sample O at 77 K is shown in Figure 70 for a 

sampling of initial excess carrier densities, δpt=0, between 4.0x1015 and 1.0x1017 

cm-3.  For the highest δpt=0, 1.0x1017 cm-3, a fast initial decay was observed in the 

PL signal, and the instantaneous PL lifetime increased significantly as the signal 

decayed.  For the lowest initial excess carrier density of 4.0x1015 cm-3, the PL 

signal approached a single exponential decay, indicating excitation levels were 

much lower than the background doping density (at least an order of magnitude 

lower) and the low-excitation regime is approached. 
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Figure 70. Time-resolved photoluminescence measurements on MBE T2SL 

sample O (InAs/InAs0.72Sb0.28) at 77 K for initial excess carrier densities ranging 
from 4.0x1015 to 1.0x1017 cm-3. *Data acquired at ARL with Dr. Blair Connelly. 

 
As described in Ref. [82], at a given temperature the PL intensity is only a 

function of the excess carrier density, δp.  Therefore, the PL data taken at lower 

δpt=0 can be shifted in time to overlap with the data taken at higher δpt=0.  This 

shifting process provided a combined PL decay signal with an improved signal-

to-noise ratio.  Figure 71 shows combined curves for temperatures from 11 –

 250 K with initial excess carrier densities of 1.0x1017 cm-3.  

 
Figure 71. Combined temperature-dependent time-resolved photoluminescence 

decay measurements on MBE T2SL sample O (InAs/InAs0.72Sb0.28). *Data 
acquired at ARL with Dr. Blair Connelly. 
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At each temperature, the decay rate of the PL signal showed a strong 

dependence on δp, evolving from a faster decay in the first 100 ns, which 

corresponded to excess carrier densities > 5x1016 cm-3, to a slower, almost single 

exponential decay at the tail end of the decay, which corresponded to excess 

carrier densities < 5x1015 cm-3.  This strong dependence of the carrier lifetime on 

the excess carrier density cannot be explained by SRH recombination alone. 

Contributions from radiative or Auger recombination, which vary strongly with 

excess carrier density, must also be considered. 

Under typical detector operating conditions, only very small excess carrier 

densities on the order of 1012 cm-3 are expected [106], so it is important to 

determine the carrier lifetime in the low-excitation regime where the lifetime is 

independent of the excess carrier density to predict device performance.  

Therefore, the tail of the TRPL data, where the excitation level is low (~1015 cm-3) 

compared to the background doping density (~1016 cm-3), was fit with a single 

exponential decay to obtain the lifetime, τ, at each temperature.  The resulting PL 

lifetimes from the fit are plotted in Figure 72 (points) as a function of inverse 

temperature.  When the PL decay rate reaches a single exponential decay in the 

low-excitation regime, the PL lifetime is equivalent to the minority carrier 

lifetime.  At higher excitation levels, however, the PL lifetime is shorter than the 

minority carrier lifetime.  Since the lowest excitation levels used in this study are 

just approaching the low-excitation regime, the measured PL lifetime represents a 

lower limit of the minority carrier lifetime. 
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Figure 72. Carrier lifetimes extracted from the fits in Figure 71 of the PL decay 

are shown as points as a function of 1000/T. Also plotted is the temperature 
dependence of the SRH lifetime (SRH  T -1/2, dotted line), radiative lifetime 

(Rad  T 3/2, dashed line), and a combination of both SRH and radiative lifetimes 
(solid line). *Data acquired at ARL with Dr. Blair Connelly. 

 
The PL lifetime is observed to increase from low temperature (11 K) to a 

maximum of 412 ns at 77 K.  This lifetime is an order-of-magnitude longer than 

the SRH-limited lifetime of ~30 ns that was previously observed in LWIR 

InAs/Ga1-xInxSb T2SL absorber layers at 77 K [38, 82, 97].  The temperature 

dependence of the lifetime can be attributed to a combination of both SRH and 

radiative recombination.  For illustration, the temperature dependence of the SRH 

lifetime (SRH  T-1/2, dotted line), radiative lifetime (Rad  T 3/2, dashed line), and 

a combination of SRH and radiative lifetimes (solid line) are plotted along with 

the data in Figure 72 [107].  At temperatures below 77 K, the PL lifetime 

increases with increasing temperature, indicating that the lifetime is dominated by 

radiative recombination and that the radiative lifetime is shorter than the non-

radiative (SRH) lifetime.  At temperatures above 77 K, the PL lifetime decreases 

with increasing temperature, signifying that the PL lifetime is dominated by SRH 

recombination and the radiative lifetime is longer than the SRH lifetime.  Around 
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77 K, both radiative and SRH recombination contribute significantly to the 

lifetime. 

Using the absorption and index of refraction data measured with 

ellipsometry at room temperature, the bandgap variation with temperature from 

PL measurements, and the measured carrier concentration at 10 K (~1016 cm-3), 

the data in Figure 72 for MBE sample O can be fit with Eq.’s (136)-(138), (145), 

and (152) using the parameters shown in Table 25.  The simulated lifetimes 

versus temperature and the measured lifetime data are shown in Figure 73 for 

MBE sample O. 

Table 25. Parameters for simulations of Radiative, SRH, and Auger lifetimes. 

Sample 
no 

(x1016 cm-3) 
Eg(0) 

(meV)
mc

*/ 
mo 

mh
*/ 

mo 
Et 

(meV)

Nt 
(x1012  
cm-3) 

σp = σn 
(cm2) 

K 
(2301029) 

2 231 0.030 0.41 5 1 1x10-14 

O 
(2301033) 

0.05 160 0.024 0.41 43 1.5 5x10-14 

 
At high temperatures, the lifetime follows the intrinsic Auger lifetime due 

to the large number of thermally-generated carriers.  In the mid-temperature range 

from 50 – 150 K, SRH processes are shown to dominate, while at very low 

temperatures, radiative recombination becomes important and balances the effect 

of SRH to keep the lifetime fairly constant at low temperatures.  As can be seen in 

Figure 73b, the Auger temperature dependence is also fairly constant in the 50 – 

150 K range.  To distinguish between the SRH and Auger mechanisms in the mid-

temperature range, the integrated PL versus temperature was analyzed. 
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(a)                                                           (b) 

Figure 73. Lifetime data and simulation versus temperature for MBE sample O. 
 

The normalized integrated PL intensity is plotted versus temperature for 

MBE sample O in Figure 74.  Also shown is the calculated curve given by 

2500/T2 – 0.04, which agrees with the data very well above 80 K.  The 1/T2 

dependence is indicative of SRH recombination [108], so the simulated lifetimes 

in Figure 73 are appropriate fits to the data.   

 
Figure 74. The temperature-dependent normalized integrated intensity of MBE 

sample O showing the SRH and radiative. *Data acquired at AFRL/RXPS. 
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The lifetimes of several other samples in MBE set 5 were measured at the 

ARL under varying intensities and temperatures as well.  These data were 

analyzed similarly to sample O as described above.  One of the samples, MBE 

sample Q, displayed temperature-dependent lifetime behavior very analogous to 

that of sample O, as shown in Figure 75 below.  These two samples have the 

largest periods of 245 Å and 180 Å and the smallest calculated wave function 

overlaps of 0.26 and 0.37 for O and Q, respectively, of MBE sample set 5. 

 MBE samples K, L, M, N, and P have very different lifetime temperature 

dependences from samples O and Q, as shown in Figure 76.  Above 200 K, in the 

intrinsic region, this group of samples also exhibited Auger lifetime temperature 

dependence.  However, the lifetimes drop significantly from 150 – 50 K where 

samples O and Q had fairly constant lifetimes.  The calculated wave function 

 
(a)                                                           (b) 

Figure 75. Temperature-dependent lifetime data for MBE samples O and Q. 
*Data acquired at ARL with Dr. Blair Connelly. 

 
overlaps of these samples range from 0.51 to 0.63, twice that of sample O, and the 

SL periods are considerably smaller in the range of 73 Å to 107 Å, half that of 
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sample O.  These facts point to radiative recombination causing the difference in 

the lifetime temperature dependent behavior. 

 
(a)                                                           (b) 

Figure 76. Temperature-dependent lifetime data for MBE samples K, L, M, N, O, 
P, and Q. *Data acquired at ARL with Dr. Blair Connelly. 

To investigate the effects of the radiative lifetime on these short period SL 

samples, simulations of the data for sample K were carried out using Eq.’s (136)-

(138), (145), and (152) and the parameters are shown in Table 25.  The simulation 

results are shown in Figure 77.  Indeed, radiative recombination describes the 

lifetime behavior from 50 – 150 K very well using a background carrier 

concentration that agrees with the Hall data (~1016 cm-3), but the radiative model 

cannot fit the low temperature behavior below 50 K.  Again, the integrated PL 

intensity for sample K was examined to gain insight into the recombination 

mechanisms’ variation with temperature.  The results are shown in Figure 78 and 

have the same form as those of an InAs/Al0.48In0.52As multiple quantum well 

structure [109]. 
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(a)                                                           (b) 

Figure 77. Lifetime data and simulations versus temperature for MBE sample K. 
 
 The normalized integrated intensity versus temperature cannot be 

described by the 1/T2 (red dashed curve) form that was apparent for sample O.  

Instead, the intensity is quite constant below 50 K and drops almost linearly above 

50 K.  The integrated PL intensity should be almost independent of temperature 

when radiative recombination dominates [108], suggesting the lifetime below 

50 K is also due to radiative recombination despite the fact that the current model 

cannot reproduce trend of the data in that region.  The temperature dependence 

was fit well in the entire temperature range with the following equation [110] 

 
ሺܶሻܫ
ܫ

ൌ
1

1  ݁ܥ
ି	
ாೌ
்ା

்
்ಹ

, (153)

which includes a thermal activation energy, Ea, necessary to dissociate the 

excitons before they can recombine radiatively and a temperature characteristic of 

tunneling between quantum domains, or a hopping mechanism, TH.  The hopping 

temperature leads to an average distance, l, between domains through the relation 
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The green dashed fit of Eq. (153) in Figure 78 used C = 0.31, Ea = 8.1 meV, and 

TH = 85 K which gives l = 4.2 nm. 

 
Figure 78. The temperature-dependent normalized integrated PL intensity of MBE 

sample K showing fits to the data. *Data acquired at AFRL/RXPS. 

The hopping process could occur laterally in the SL between localized 

band tail states that form due to in-plane compositional and layer thickness non-

uniformity [111, 112].  The relative lateral variations in layer thickness and 

composition would be more pronounced for thinner layers than thick layers, 

indicating why samples O and Q do not show the same temperature-dependent 

lifetime behavior.  Similar differences in the time-resolved PL lifetime 

temperature dependence were seen for 2 monolayer quantum well and 5 

monolayer multiple quantum well samples comprised of InAs/InAlAs [109].  The 

localization potential for the excitons has been shown to be greater for thinner 

well widths and the exciton binding energy to increase due to this potential [113].  
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Thus, the SLs with smaller layer thicknesses will maintain longer lifetimes to 

higher temperatures as shown in Figure 79 and further summarized in Table 26. 

 
Figure 79. Lifetime temperature dependence of the short period SL samples. 

The decrease in the lifetime from 11 K to 25 K is largest for the larger 

layer width samples in this shorter-period set.  Fitting the lifetime with a 

decreasing exponential, ߬ െ ܿ݁ି	
ಶೌ
ೖ, from 11 – 77 K results in the activation 

energies (listed in Table 26) necessary to overcome the lateral localization 

potentials.  These activation energies increase as the layer thicknesses decrease.  

The result for sample K (5.8 meV) agrees reasonably well with activation energy 

(8.1 meV) found from Eq. (153). 

Table 26. Summary of short-period SL characteristics. 

Sample  Set 
5 

Δτ (11-25 K) 
x 
± 

0.01

tInAs 
(Å) 

tInAsSb 
(Å) 

Wave 
function 
overlap 

Ea 
(meV) 

M (2301031) 243 0.35 82.0 25.3 0.51 0.2 
N (2301032) 239 0.35 73.2 21.8 0.55 2.2 
K (2301029) 148 0.37 66.6 17.6 0.59 5.8 
L (2301030) 110 0.39 68.1 18.0 0.57 6.1 
P (2301043) 78 0.41 57.8 15.2 0.63 7.2 
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The temperature dependence of the integrated PL intensity has been 

related to the lifetime temperature dependence by the following equation [109, 

114] 

ሺܶሻܫ  ൌ ܫ
߬ሺܶሻ
߬ோሺܶሻ

, (155)

where ߬ܲܮሺܶሻ is the measured lifetime from the PL decay and ܴ߬ሺܶሻ is the 

radiative lifetime.  Io is the integrated PL intensity at the lowest measured 

temperature, is assumed to depend only on the carrier concentration, and is 

attributed only to radiative recombination at 10 K.   

The measured lifetime can be written as [109, 114] 

 
1

߬ሺܶሻ
ൌ

1
߬ோሺܶሻ


1

߬ேோሺܶሻ
, (156)

and when combined with Eq. (155) allows the radiative and non-radiative 

lifetimes to be written in terms of the measured PL lifetime as 

 ߬ோሺܶሻ ൌ
ܫ

ሺܶሻܫ
߬ሺܶሻ, ܽ݊݀ (157)

 ߬ேோሺܶሻ ൌ
ܫ

ܫ െ ሺܶሻܫ
߬ሺܶሻ. (158)

The results of combining the TRPL lifetime data and the integrated PL intensity 

data are shown in Figure 80 for samples O and K.  For sample O, the measured 

PL lifetime is due to radiative recombination up to 77 K, and above 77 K non-

radiative recombination dominates, confirming the results obtained above.  

Sample K has radiative recombination dominating the PL lifetime all the way up 

to 200 K when non-radiative recombination dominates.  The lifetime behavior 

below 50 K is still attributed to radiative recombination since the non-radiative 



 

140 

lifetimes are an order of magnitude greater than the top of the scale shown in the 

figure.  The effects of exciton localization explain the lifetime behavior below 

50 K for sample K. 

 
(a)                                                           (b) 

Figure 80. Measured lifetime data and calculated radiative and non-radiative 
lifetimes for MBE samples (a) O and (b) K versus temperature. 

 
The improved lifetimes observed in these InAs/InAs1-xSbx T2SL samples 

offer evidence that the constituent InAs and InAsSb layers have excellent 

crystalline properties and the samples possesses a low density of non-radiative 

recombination centers at the interfaces and in the layers.  The InAs/InAs0.72Sb0.28 

T2SL (sample O) has a longer lifetime than even bulk InAs at 77 K due to the 

decreased radiative transition probability of a type-II structure compared to that of 

a direct bandgap bulk material.  These results also shine some light on the origin 

of the relatively short carrier lifetime (~30 ns) in LWIR InAs/Ga1-xInxSb T2SLs, 

which could be due to the non-radiative recombination centers associated with Ga 

atoms.  Furthermore, the “stabilized Fermi level” due to intrinsic point defects in 

bulk GaSb and GaAs are near the valence band edge or the midgap, respectively 
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[42], leaving mid-gap trap states available for SRH recombination.  In 

comparison, in bulk InAs, the stabilized Fermi level is above the conduction band 

edge [42], rendering any mid-gap defect states inactive for SRH processes, as 

demonstrated by relatively high photoluminescence efficiencies in As-rich 

InAs/InAsSb T2SLs [115]. 

6.5 Summary 

In summary, an order-of-magnitude longer minority carrier lifetime (> 412 

ns at 77 K) was observed in the LWIR InAs/InAs0.72Sb0.28 T2SL sample O studied 

compared to that observed in LWIR InAs/Ga1-xInxSb T2SLs.  In addition, the 

observed carrier lifetime in InAs/InAs0.72Sb0.28 is longer across all temperatures 

than that previously reported in InAs/Ga1-xInxSb T2SLs.  Measurements on 

several other InAs/InAs1-xSbx T2SLs also show substantially longer minority 

carrier lifetimes (100’s of ns).  The longer period T2SLs have both SRH and 

radiative recombination mechanisms apparent, with comparable contributions 

from both near 77 K.  The shorter period T2SLs have much higher wave function 

overlaps and therefore radiative recombination is seen to dominate all the way 

until the high temperature intrinsic region is reached.  At very low temperatures, 

below 50 K, exciton localization causes the radiative lifetime to increase.   

This minority carrier lifetime improvement may now enable background 

limited T2SL LWIR pn photodetectors at higher operating temperatures.  It 

should be noted that the InAs/InAs1-xSbx T2SL sample growth and material 

properties have not been optimized yet, suggesting that there is still room for 

improvement in the InAs/InAs1-xSbx T2SL minority carrier lifetime.  Since the 
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non-radiative recombination rate has now been significantly reduced, future 

studies can examine the tradeoff between radiative and non-radiative 

recombination, and sample designs can be optimized to balance lowering the 

wave function overlap to decrease the radiative recombination rate with 

increasing the wave function overlap to increase the absorption coefficient. 
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

Strain-balanced InAs/InAs1-xSbx T2SLs have been carefully studied and 

shown to be promising materials for infrared photodetectors.  Properly designing 

an InAs/InAs1-xSbx superlattice for an infrared photodetector requires using the 

right theoretical models and the choice of accurate material parameters.  The 

critical thickness model, zero-stress strain-balancing model, bandgap equation for 

InAs1-xSbx, valence band offset between InAs and InAs1-xSbx, and the three-band 

envelope approximation band structure model were used to design the T2SL 

structures studied in this work.   

The InAs/InAs1-xSbx T2SL bandgap determined by the experimental PL 

measurements allowed the valence band offsets between InAs and InAs1-xSbx to 

be determined by fitting the above mentioned model parameters to the measured 

SL bandgaps.  The valence band offset between InAs and InAs1-xSbx with 

x = 0.28 – 0.41 strained on GaSb was best described by the fractional valence 

band offset, Qv = ΔEv/ΔEg, of 1.75 ± 0.03.  The valence band offsets were also 

seen to depend on the growth conditions for different sample sets due to varying 

degrees of As/Sb intermixing at the SL interfaces.  The model used to calculate 

the SL bandgap assumed abrupt interfaces between the SL layers, which is not the 

exact case in reality. 

Time-resolved PL measurements on InAs/InAs1-xSbx SL samples grown 

by MBE gave information about the minority carrier lifetime.  The recombination 

in the samples with larger periods, lower wave function overlaps, and smaller 
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bandgaps was dominated by radiative recombination below 77 K and SRH 

recombination above 77 K until the intrinsic region was reached and intrinsic 

Auger recombination dominated.  The T2SL samples with shorter periods, higher 

wave function overlaps, and larger bandgaps had lifetimes dominated by radiative 

recombination below 200 K.  Shorter SL periods resulted in greater effects of 

lateral compositional and relative layer thickness variations, larger exciton 

localization potentials, and longer lifetimes at low temperatures.  A tradeoff must 

be reached between thin layers for increased absorption and long lifetimes at 

desired temperatures for particular designs.  As expected, the lifetimes of the two 

larger period samples with bandgaps of ~8 μm had lifetimes significantly longer 

than those of LWIR InAs/Ga1-xInxSb SLs at 77 K.  The order of magnitude 

increase in the lifetime confirms that SRH recombination is indeed less effective, 

although still present, in InAs/InAs1-xSbx SLs than in InAs/Ga1-xInxSb SLs. 

These updated valence band offset results will enable better design of 

InAs/InAs1-xSbx SLs for MWIR and LWIR photodetectors, and the minority 

carrier lifetime improvement supports these SLs being capable of lower detector 

dark currents and higher quantum efficiencies than InAs/Ga1-xInxSb SLs if 

processed into devices. 

There is still much to be investigated regarding these InAs/InAs1-xSbx SLs.  

Designs with large enough SL periods will allow further study of the carrier 

lifetimes and recombination mechanisms, such as the effects of growth 

temperatures and interfaces, to improve the SL material quality for devices.  

Understanding the As/Sb intermixing at the interfaces using TEM and XRD will 
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further the understanding of the effects of the growth processes on the structural 

and optical properties of the SL, and including the interface intermixing into the 

model for the SL bandgap will enable more accurate predictions of the SL 

bandgaps and valence band offsets.  An extension to the valence band offset study 

would be to use SL designs with larger periods to ensure the possibility of 

confined electron levels for both type-II alignments.  A comparison between the 

same T2SL material grown by MBE and by MOCVD would be very interesting, 

although it may be very difficult to achieve the same design with both methods.  

Although the InAs/InAs1-xSbx was demonstrated to cover both the MWIR and 

LWIR ranges, it may offer the best advantages in the LWIR, or beyond, where the 

lifetime is significantly greater than that of InAs/Ga1-xInxSb SL. 

I look forward to seeing what the future will hold for the InAs/InAs1-xSbx 

superlattice material in infrared devices. 
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APPENDIX A 

REVIEW OF PREVIOUSLY STUDIED InAs1-ySby/InAs1-xSbx SUPERLATTICE 

STRUCTURES IN THE LITERATURE 
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APPENDIX B 

SUMMARY OF DIFFERENT BAND ALIGNMENTS AND BAND OFFSETS 

REPORTED FOR InAs1-ySby/InAs1-xSbx
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APPENDIX C 

MATERIAL PARAMETERS USED TO CALCULATE THE InAs/InAs1-xSbx 

SUPERLATTICE BANDGAPS
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Parameter Value Unit Reference 
Effective Masses    
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0.023 – 0.039x + 0.03x2 

0.41 + 0.02x 
0.026 – 0.011x 

 
mo 

InAs 
Electron Γ 

Heavy hole in z-dir 
Heavy hole in [110] 
Light hole in z-dir 
Light hole in [110] 

Spin-orbit hole 

 
0.026 

1/(γ1 – 2γ2) 
1/[½ (2γ1 – γ2 – 3γ3)] 

1/(γ1 + 2γ2) 

1/[½ (2γ1 + γ2 + 3γ3)] 
0.14 

mo [45] 

InSb 
Electron Γ 

Heavy hole in z-dir 
Heavy hole in [110] 
Light hole in z-dir 
Light hole in [110] 

Spin-orbit hole 

 
0.0135 

1/(γ1 – 2γ2) 

1/[½ (2γ1 – γ2 – 3γ3)] 
1/(γ1 + 2γ2) 

1/[½ (2γ1 + γ2 + 3γ3)] 
0.11 

mo [45] 

InAs1-xSbx 

Electron Γ 
Electron X 
Electron L 
Heavy hole 
Light hole 

Bowing factor 
0.035 

Linearly interpolate 
Linearly interpolate 
Linearly interpolate 
Linearly interpolate 

 [45] 

Luttinger Parameters    
InAs 
γ1 
γ2 
γ3 

 
20.0 
8.5 
9.2 

 [45] 

InSb 
γ1 
γ2 
γ3 

 
34.8 
15.5 
16.5 

 [45] 

InAs1-xSbx 
Direct linear interpolation NOT 

recommended 
 [45] 

Lattice Constants    
InAs 6.0583 + 2.7410-5(T-300) Å 

[45] 
GaSb 6.0959 + 4.7210-5(T-300) Å 
InSb 6.4794 + 3.4810-5(T-300) Å 

InAs1-xSbx aInAsSb = (1-x) aInAs + xaInSb Å 
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Parameter Value Unit Reference 
Elastic Constants    

InAs 
C11 
C12 

b 
ac 
av 

 
832.9 
452.6 
-1.8 

-5.08 
1 

 
GPa 
GPa 
eV 
eV 
eV 

[45] 

InSb 
C11 
C12 

b 
ac 
av 

 
684.7 
373.5 

-2 
-6.94 
0.36 

 
GPa 
GPa 
eV 
eV 
eV 

[45] 

InAs1-xSbx Linearly interpolate   
Bandgaps    

InAs 0.417 - 0.27610-3T2/(T+93) eV 

[45] 

InSb 0.235 - 0.3210-3T2/(T+170) eV 
InAsSb bowing factor 

(CEg InAsSb) 
0.67 eV 

InAs1-xSbx 
(1-x) Eg_InAs+ xEg_InSb – 

x (1-x) CEg InAsSb 
eV 

Spin-Orbit Energies    
InAs 0.39 eV 

[45] 

InSb 0.81 eV 
InAsSb bowing factor 

(Cbowing SO) 
1.2 eV 

InAs1-xSbx 
(1-x) ΔSO_InAs+ xΔSO_InSb – 

x (1-x) Cbowing SO 
eV 

Valence Band Offsets    
InAs -0.59 eV 

[45] 

InSb 0 eV 
GaSb -0.03 eV 

InAsSb bowing factor 
(CEv InAsSb) 

0.65 eV 

InAs1-xSbx 
(1-x) VBOInAs + xVBOInSb + x 

(1-x) CEv InAsSb 
eV 

Kane Potentials    
InAs 21.11 eV 

[135] InSb 23.3 eV 
GaSb 22.88 eV 

InAs1-xSbx Linearly interpolate eV  
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APPENDIX D  

SUMMARY OF InAs/InAs1-xSbx SUPERLATTICE SAMPLES 
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Sample set 1 grown by MOCVD. 

Sample 
Set 1 

x	± 1 

(%) 
 

Thickness (nm) Number of 
Periods 

X 

Buffer layer 
thickness (nm) InAs InAs1-x Sbx 

A (3-2006) 22 7.0 3.3 100 100 
B (3-2008) 23 7.0 2.3 50 67 
C (3-2009) 37 7.0 2.0 50 85 

 

Sample set 2 grown by MBE. 

Sample  
Set 2 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

GaSb Cap 
layer 
(nm) 

A (0203-1) 0.27 26.5 20 100 
B (0218-1) 0.28 24.6 20 100 
C (0218-2) 0.29 24.6 20 100 
D (0218-3) 0.33 24.5 20 100 

 

Sample set 3 grown by MBE with ordered InAsSb alloys. 

Sample 
Set 3 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Sb 
Duty 
Cycle 
(%) 

No. of 
InAs/InSb 
periods per 
InAs1-xSbx 

layer 

InSb 
(s) 

InAs 
(s) 

E (0221-1) 22 24.2 20 35 6 3 5.5 
F (0221-2) 23 24.1 20 47 6 4 4.5 
G (0221-3) 36 24.0 20 47 4 6 6.7 

 

Sample set 4 grown by MBE with smaller periods and AlSb layers for 
confinement. 

Sample 
Set 4 

x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

Sb 
Duty 
Cycle 
(%) 

No. of 
½InSb/InAs/ 

½InSb 
periods per 
InAs1-xSbx 

layer 

½ InSb 
(s) 

InAs 
(s) 

H (0512-1) 0.30 7.4 60 N/A N/A N/A N/A 
I (0512-2) 0.13 7.4 60 33 2 1.5 6 
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Sample set 5 grown by MBE with AlSb barrier layers. 

Sample  Set 5 
x 
± 

0.01 

Period 
± 0.5 
(nm) 

Number 
of 

Periods 

J (2301027) 0.34 8.48 58 
K (2301029) 0.37 8.40 58 
L (2301030) 0.39 8.62 58 
M (2301031) 0.35 10.72 47 
N (2301032) 0.35 9.49 52 
O (2301033) 0.28 24.47 20 
P (2301043) 0.41 7.30 69 
Q (2301044) 0.30 17.95 28 
R (2301060) 0.35 9.79 209 
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