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ABSTRACT  
   

The first part of this dissertation focuses on quantum structures with type-II band 

alignment, which are designed for applications in infrared photodetection and optical 

nonlinearity. A short- and mid-wavelength infrared dual-band optically-addressed 

photodetector structure has been designed and fabricated by molecular beam epitaxy, 

which is used to demonstrate the operational principles of optical address for extended tri-

band detection. High-resolution x-ray diffraction and photoluminescence measurement 

were used to characterize the samples and revealed excellent crystalline quality and optical 

properties. An analytical model has been developed to address the effects of luminescence 

coupling and light leakage effects in optically-addressed tri-band photodetectors in terms 

of the absorber thicknesses and photoluminescence quantum efficiencies. 

Beyond superlattices, asymmetric quantum wells with type-II band alignment find 

application in optical nonlinearity enhancement which is the result of increased 

wavefunction overlap and larger electric dipole moments of the interband transitions 

compared to the conventional structures with type-I band edge alignment. The novel type-

II AQW structure exhibits interband second-order susceptibility tensor elements ranging 

between 20 pm/V to 1.60×103 pm/V for nearly-resonant optical rectification and difference 

frequency generation applications at near-infrared and terahertz wavelengths, an 

improvement of nearly one order of magnitude over the type-I structures and one to three 

orders of magnitude over natural crystals such as LiNbO3, KTP, or GaAs. A factor of 2-3 

further enhancement of the tensor elements is achieved by optimizing the well widths and 

band offsets of the type-II asymmetric quantum wells. 
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The second part of the dissertation reports the study of CdSe thin films with mixed 

zincblende and wurtzite phases grown on lattice-matched InAs(100) substrate using 

molecular beam epitaxy. These CdSe thin films reveal single-phase zincblende (ZB) 

structure with high crystalline quality with low defect density. In contrast, CdSe layers 

grown on lattice-matched InAs(111)B (As-terminated) substrates under different growth 

temperatures and Cd/Se flux ratios all have their demonstrated mixed ZB and wurtzite 

phases in coexistence confirmed by high-resolution x-ray diffraction, transmission electron 

microscopy and photoluminescence measurements. The reason for these properties is due 

to the small formation energy difference between the ZB and WZ phases of CdSe, which 

has been confirmed by density functional theory simulations. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The discoveries of heterojunctions and superlattices (SL) have garnered immense 

interests from researchers and scientists.[1,2] Numerous optoelectronics applications such 

as light-emitting diodes (LEDs), quantum cascade lasers (QCLs), solar cells and quantum-

well infrared photodetectors (QWIPs) have been invented by using synthetic  

semiconductor quantum structures.[3] Epitaxial growth techniques, such as MBE and metal-

organic chemical vapor deposition (MOCVD), have proven their ability to produce high-

quality, dislocation-free epitaxial films on lattice-matched commercial substrates, enabling 

the manufacture of various types of devices mentioned above.[4] 

The bandgap vs. lattice constant diagram of common semiconductors is illustrated In 

Fig. 1;  many cost-effective, commercially available substrates enabled the growth of 

lattice-matched binary and ternary compounds. For instance, materials like MgS, AlAs, 

and ZnSe, which share a similar lattice constant of 5.62 Å, can be effectively grown on Ge 

or GaAs substrates. A similar approach can be extended to materials like ZnTe, CdSe, and 

AlSb, which can be grown on InAs or GaSb substrates with a lattice constant of 6.1 Å, as 

well as CdTe, MgTe, HgTe, and α-Sn, which can be grown on InSb substrates with a lattice 

constant of 6.5 Å. The extensive range of heterovalent epitaxial growth techniques 

involving the monolithic integration of III-V, II-VI, and IV-VI semiconductors offers the 

capability for the desirable bandgap- and wavefunction-engineering for novel device 

designs with new functionalities. Additionally, the observation and prediction of intriguing 

low-dimensional quantum phenomena should be noteworthily highlighted, such as the two-
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dimensional electron gas (2DEG) and the electrical field-induced topological insulator (TI), 

occurring at the heterovalent interfaces of IV, II-VI, and III-V compound semiconductors 

due to their distinct electronic configurations.[5]  

In contrast to indirect bandgap materials like Silicon and Germanium, III-V and II-VI 

materials with direct bandgaps possess significantly higher absorption coefficients. The 

property renders them better suited and preferred for high-efficiency optoelectronic devices. 

Additionally, as illustrated in FIG. 1, the bandgaps of III-V and II-VI semiconductors can 

cover a broad spectrum from ultra-violet (UV) to very long wavelength IR. Certain 

compounds, like HgTe and HgSe, are known to exhibit a zero bandgap. 

 

 
FIG. 1. A diagram for the bandgap energies vs. lattice constants of common 
semiconductors. The dashed grey line indicates the corresponding lattice constants of 
commercially available substrates. 
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1.2 Infrared Photodetector Technology 

Infrared (IR) radiation is defined as electromagnetic radiation with wavelengths 

ranging from 780 nm to 1 mm. This range can be categorized into the following sub-ranges: 

(1) near infrared (NIR), 0.78 μm to 1.4 μm; (2) short-wavelength infrared (SWIR), 1.4 μm 

to 3 μm ; (3) mid-wavelength infrared (MWIR), 3 μm  to 5 μm ; (4) long-wavelength 

infrared (LWIR), 8 μm to 12 μm; (5) very long-wavelength infrared (VLWIR), 12 μm to 

1000 μm.[6] The radiation intensity and its spectral distribution from a blackbody in thermal 

equilibrium at a certain temperature are described by the Planck’s law, which gives the 

spectral density of radiation per unit wavelength per unit area. The Planck’s law is 

formulated in the followings: 

𝐵𝐵𝜆𝜆(𝜆𝜆,𝑇𝑇) =
2𝜋𝜋ℎ𝑐𝑐2

𝜆𝜆5
1

𝑒𝑒ℎ𝑐𝑐 𝜆𝜆𝜆𝜆𝜆𝜆⁄ − 1
 (W ∙ cm−2μm−1) (1) 

𝐵𝐵𝑝𝑝(𝜆𝜆,𝑇𝑇) =
2𝜋𝜋𝑐𝑐
𝜆𝜆4

1
𝑒𝑒ℎ𝑐𝑐 𝜆𝜆𝜆𝜆𝜆𝜆⁄ − 1

 (photons ∙ s−1cm−2μm−1), (2) 

where 𝜆𝜆 is the wavelength, 𝑇𝑇 is the temperature, ℎ is the Plank’s constant, 𝑐𝑐 is the speed of 

light, and 𝑘𝑘 is the Boltzmann’s constant. With temperature increases, the total amount of 

energy emitted at any wavelength increases while the wavelength of peak emission blue-

shifts. Derived from Eq. 1 and 2,  the Wien displacement law for maximum energy and for 

maximum photons can be obtained as Eq. 3 and 4: 

λmwT = 2898 (μm ∙ K) For energymax (3) 

λmpT = 3670 (μm ∙ K) For photonsmax (4) 

For instance, the sun, which closely approximates a blackbody (or grey body) due to its 

temperature of 6000 K, emits a continuous spectrum with a peak in the visible light range. 
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For the object at ambient temperature of 300 K , 𝜆𝜆𝑚𝑚𝑚𝑚 and 𝜆𝜆𝑚𝑚𝑝𝑝 are at 9.66 and 12.2 𝜇𝜇𝜇𝜇, 

respectively. 

Infrared photodetector technology is among the most vital technologies in defense and 

commercial applications. It plays a pivotal role in sensing and imaging, encompassing tasks 

like target aiming, detection, and enhancing night vision capabilities. Significant progress 

in IR photodetector technology did not occur until the 1950s. Lead-salt detectors, extrinsic 

Silicon photoconductive detectors, and narrow-bandgap semiconductors were reported for 

IR detection applications. Lead-salt materials like PbS and PbSe continue to be the most 

used options for low-cost photoconductive detectors in numerous applications within the 

1-5 μm spectral range to this day. [7-9]. 

 

FIG. 2. History of infrared detector and system development[10] 

 
In 1959, Lawson and his colleagues made a breakthrough by discovering HgCdTe 

(MCT) alloys with adjustable bandgaps. These MCT-based photodetectors outperformed 
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extrinsic silicon and lead-tin telluride devices of that era and remain the leading choice for 

IR photodetectors today.[9] The MCT ternary-alloy system offers a wide range of flexibility 

in detector design, allowing for the tuning of bandgaps spanning from the MWIR range of 

1-3 μm to the LWIR range of 8-15 μm.[9] This discovery sparked the development of 

detector devices such as scanning systems, staring system-electronically scanned, staring 

systems with large numbers of pixels, multi-color functionality, etc. These advancements 

are summarized in FIG. 2.[10] With over 60 years of research and development, the growth 

and fabrication processes of the MCT ternary-alloy system have become well established. 

Additionally, there have been substantial enhancements in crystalline quality, and a deeper 

understanding of physics has been achieved, including surface properties and band 

structures. In LWIR MCT detectors, the minority carrier lifetime is constrained primarily 

by intrinsic Auger recombination. The small effective mass results in a lower limit of 

tunneling currents, which in turn may limit the range of wavelengths that can be effectively 

detected, particularly in the longer wavelength range.[11] 
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1.3 Type-II Superlattices 

Fig. 3 shows heterojunctions can be classified into three main types, namely Type-I 

(straddling gap), Type-II (staggered gap), and Type-III (broken gap), based on the band 

alignment at the interface between adjacent layers.[12] Type-II (staggered gap) means both 

the conduction band edge and the valence band edge of one material are lower than both 

band edges of the other material. Therefore, electrons are localized within one material, 

while holes are localized within the other material. Type-II superlattices (T2SLs) were first 

proposed by Sai-Halasz et al. and subsequently realized by Sakaki et al. at the IBM T. J. 

Watson Research Center in 1977 by stacking multiple layers with staggered gaps using the 

same materials [13,14]. By modifying either the composition or the layer thickness of the 

superlattice, it is possible to control the process through which electronic subbands are 

formed. This, in essence, constitutes effective bandgap engineering. The band alignment 

at the interface between neighboring semiconductor layers has a more significant effect on 

tuning the effective bandgap compared to varying the layer thickness. 

 

 
FIG. 3. Three types of band alignment for semiconductor heterojunction [12] 

 

Type-II superlattices (T2SLs) have been demonstrated by using nearly lattice-matched 

materials like InAs/GaSb and InGaAs/GaAsSb for infrared detectors. The InAs/GaSb 
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T2SLs have several properties which makes them suitable for infrared detectors and offer 

an alternative low-cost approach to its counterpart HgCdTe, in terms of lower band-to-

band tunneling due to larger electron effective masses and surface leakage currents and 

suppressed Auger recombination, enabling higher operation temperatures and longer 

wavelength.[15] Nevertheless, despite decades of research, the limitations of InAs/GaSb 

T2SLs have become apparent: It is challenging to achieve significant thickness in T2SLs 

on InAs or GaSb substrates without the introduction of metamorphic buffer layers or strain-

compensated structures.[16] Furthermore, the material's lifetime falls short of its theoretical 

potential, which impedes its further advancement for use in optoelectronic devices. [17,18] 

 

FIG. 4. Band edge diagram and mini-bands of InAs/InAs1-xSbx T2SLs. The transition 
energy can be tunable by changing period thickness and Sb composition.[19] 

 

The schematic diagram of the band edge alignment for an InAs/InAs1-xSbx T2SL 

known as Ga free T2SLs is depicted in FIG. 4, and its adjustable bandgaps are illustrated 

in the photoluminescence spectra measured at 12K, as presented in FIG. 5(a).[19] An 

increase in either the thickness of the InAs layers or the Sb composition in the InAsSb 

layers will lead to a reduction in the effective bandgap of the materials. InAs/InAs1-xSbx 

T2SLs can achieve strain-balance to a GaSb substrate with fixed thicknesses for InAs and 

InAs1-xSbx layers as the former is tensile while the latter (with x > 0.09) is compressive 

strained. Hence, in theory, strained-balanced InAs/InAs1-xSbx T2SLs can be grown to an 
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infinite thickness on GaSb substrates without generating misfit dislocations. FIG. 5(b) 

shows the HRXRD (004) 𝜔𝜔 − 2𝜃𝜃 profile and simulation for a sample which consists of a 

strain-balanced MWSL InAs/InAs1-xSbx T2SL and a LWSL InAs/InAs1-xSbx T2SL. The 

MWSL region is 4.5 µm thick and comprises unintentionally doped n-type 2.14 nm/1.5 nm 

InAs/InAs0.782Sb0.218 T2SLs. The LWSL region is composed of 100-nm-thick undoped 

9.78 nm/4.22 nm InAs/InAs0.7Sb0.3 T2SLs.[20] Discovered by Prins et al. in 2012, the main 

reason for "Ga-free" InAs/InAsSb T2SLs to have long lifetime over conventional 

InAs/GaSb T2SLs with gallium was unveiled. The defect energy levels in InAs/InAsSb 

T2SLs are predominantly located in the conduction band. Consequently, these defect levels 

do not function as Shockley-Read-Hall recombination centers, unlike the case in the 

traditional InAs/GaSb T2SLs. This absence of recombination centers results in a longer 

carrier lifetime.[21] This material system gained further recognition due to the achievement 

of a record carrier lifetime exceeding 400 ns experimentally.[22] This lifetime improvement 

represents a remarkable advancement, surpassing conventional InAs/GaInAs T2SLs by 

more than one order of magnitude.[22] These advantage of the Ga-free T2SLs materials 

makes it ideal for future IR photodetector applications.[21]  
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FIG. 5. (a) Normalized 12 K PL spectra from InAs/InAs1-xSbx T2SLs samples to show the 
tunable bandgaps. The discontinuities at 200 and 290 meV are the results of CO2 absorption. 
[19] (b) ω− 2θ XRD of a sample which consists of two strain-balanced T2SLs. [20] 
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1.4 Ga-Free InAs/InAsSb Type-II Superlattice Photodetectors 

FIG.6 provides a concise timeline-style overview of the evolution of T2SLs, including 

the progression of InAs/InAsSb T2SLs.[23] Until 2010, the InAs/InAsSb system received 

significantly less attention compared to the InAs/GaSb system. However, over the past 

decade, there has been a swift advancement in their fabrication, primarily attributed to their 

exceptional defect tolerance and resilient material properties. Most T2SL devices have 

traditionally been produced using MBE. However, there has been a growing interest in 

utilizing MOCVD for T2SL growth, driven by its potential for more cost-effective and 

higher throughput.[24,25] Significant advancements in the development of InAs/InAsxSb1-x 

T2SLs detectors and FPAs have been made by many research groups: such as the Jet 

Propulsion Laboratory (JPL) , the research group led by Prof. Razeghi at Northwestern 

University and the research group led by Prof. Zhang at Arizona State University. These 

research groups have demonstrated the InAs/InAsxSb1-x T2SL based photodetectors with 

operating cutoff wavelength from 5 to 14μm which surpasses the limitations of traditional 

bulk III-V IR detectors based on InGaAs and InSb. The primary technological challenge 

for the fabrication of superlattice-based devices is the growth of the materials, especially 

of the high-quality absorbers with sufficient thickness to achieve high efficiency. In the 

case of InAs/InAsSb T2SL photodetectors, a 5 μm thick absorber is typically enough to 

achieve a sufficiently high quantum efficiency (QE). This thickness can yield a QE of 

approximately 50% due to the longer effective lifetime and diffusion length, when 

compared to InAs/GaSb T2SL photodetectors. Table 1 compiles information from various 

literature sources regarding InAs/InAsSb-based T2SL IR photodetectors. Key industry 

leaders like IQE and Teledyne have reported astonishingly high peak quantum efficiency 
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up to 72% in MWIR InAs/InAsxSb1-x T2SL photodetectors.[34,41] Additionally, they have 

achieved over 50% peak quantum efficiency from the devices fabricated on high-index 

GaSb wafers.[42] InAs/InAsxSb1-x T2SL photodetectors are primarily fabricated in two 

configurations: p-n junction photodiodes and barrier detectors. The operational principle 

of barrier detectors involves enabling the passage of one type of carrier (either electrons or 

holes) while obstructing the other, which is why they are referred to as "unipolar barriers." 

Consequently, the unipolar barrier concept assumes a nearly zero offset approximation 

within one band and a substantial barrier in the other band throughout the heterostructure. 

Among various types of unipolar barrier detectors, the nBn detector is the most widely 

favored.[23] The InAs/InAsSb T2SL photodiodes are mainly based on conventional p-i-n 

heterostructures.  The advantage of the structure is that  the low minority carrier 

concentration in high bandgap materials enables the suppression of diffusion dark current 

and yields higher RdA product and detectivity. Compared to p-n junction InAs/InAsSb 

T2SL photodiodes, SLs barrier structures are more generally efficient. Kim et al. 

demonstrated the first InAs/InAsSb T2SL based nBn IR photodetectors in 2013 with the 

operating cutoff wavelength 13.2 μm  and 0.24 A/W responsivity. After then, the 

InAs/InAsSb T2SL-based nBn structure underwent significant development and was later 

adopted for the F-35 fighter aircraft in 2018 as part of the VISTA program.[26] 
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FIG. 6. Roadmap development of T2SL IR photodetectors including InAs/InAsSb 
photodetectors [23] 

 

The barrier structure photodetector design (nBn or pBp) is also capable of 

multiband detection. Krishna et al. have demonstrated dual-band barrier detectors based 

on nBn or pBp InAs/GaSb SL.[27,28] Razeghi et al. later presented InAs/InAsSb T2SL nBn 
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and pBp photodetectors with improved performance.[29,30]  Dual-band barrier structures can 

be relatively easily produced, mainly because of the highly advanced III-V materials 

growth techniques. A typical dual-band barrier T2SLs detector comprises two narrow 

bandgap absorbers that are optimized for two distinct IR spectral regions. These absorbers 

are separated by a wide bandgap barrier layer, typically around 0.1 μm thick. This 

architecture effectively blocks the majority carrier current flow between the two electrodes 

due to the substantial energy offset. However, it poses no barrier for the photo-generated 

minority carriers. Both barriers should be characterized by negligibly small valence band 

(VB) or conduction band (CB) discontinuities with respect to both materials. The regions 

corresponding to the absorbers (channels) are selectively activated based on the polarity of 

the applied voltage.  
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Composition 

SL 
perio

d 
[nm] 

Polarity 
[n,i,p] 

Aperture 
size [μm] 

Absorbe
r 

thicknes
s [μm] 

Top 
[K] 𝝀𝝀𝒄𝒄 

𝑱𝑱𝒅𝒅 
[A/cm2], 
Top [K], 
Vbias[V] 

Responsiv
ity [A/W] 

or QE 

Detectiv
ity [cm 

Hz1/2/W] 
Reference 

InAs/InAs0.62Sb0.

38 
18.4 nBn S=410 2.2 77 13

.2 
5×10-4, 
77, -0.3 

R=0.24A/
W 1×108 Kim et al.[26] 

InAs/InAs0.57Sb0.

43 
14.7 pN d=100-

400 2.3 77 14
.6 

0.7, 77, -
0.3 

R=4.8A/
W; 

QE~46% 
4.6×1011 Hoang et al.[31] 

InAs/InAs0.45Sb0.

55 
10.5 nBn S=100-

400 2,6 77 10 
4.4×10-

4, 77,-
0.09 

R=3.5A/
W; 

QE~54% 
2.8×1011 Haddadi et al.[32] 

InAs/InAs0.48Sb0.

52 
10.5 nBn S=100-

400 2 77 10 
5.7×10-

5, 77. -
0.08 

R=2.25A/
W; 

QE~40% 
1.6×1011 Haddadi et al.[30] 

InAs/InAs0.50Sb0.

50 
12 nBn S=100-

400 2 77 10 8×10-5, 
77. -0.08 

R=2.65A/
W; 

QE~43% 
4.7×1011 Haddadi et al.[33] 

InAs/InAsSb - - d=0.25,1 - 208 5.
0 

1×10-4, 
208, -0.3 

R=1.35A/
W 2.6×1010 Teledyne [34] 

InAs/InAs0.65Sb0.

35 
5.5 nBn d=60…31

0 3 150 4.
6 

4×10-5, 
150, -2.5   Perez et al.[35] 

InAs/InAs0.66Sb0.

34 
5 nBn S=250 2.6 150 5.

4 

4.5×10-

5, 150, -
0.2 

QE~52% 4.5×1011 Ting et al.[36] 

InAs/InAs0.66Sb0.

34 
12 pin S=400 2 77 8.

0 
9×10-4, 

77, -0.02 

R=1.26A/
W; 

QE~21% 
4.6×1011 Wu et al.[24] 

 

Table 1. Ga-free InAs/InAsSb superlattice infrared detectors and their reported performance 
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InAs/InAs0.65Sb0.35 5.15 nBn d=60…310 3 150 5 
1×10-

3, 150, 
-0.5 

- - Durlin et al. 
on Si[37] 

InAs/InAs0.50Sb0.50 7.4 pBn d=100-400 2.1 150 4.
4 

1.16×
10-5, 

150, -
0.05 

R=1.48A/
W; 

QE=47% 

7.1×10
11 Wu et al.[38] 

InAs/InAs0.84Sb0.16 13.3 nBn d=50 4 200 5.
5 

1×10-

2, 150, 
-0.1 

R=0.88A/
W; 

QE=25% 

1.5×10
10 

Delli et al. 
on Si[39] 

InAs/InAs0.8Sb0.2 13.5 pn d=320 1 150 4.
5 

9.1×1
0-6 

R=0.78A/
W; 

QE=25% 

3.4×10
11 Wu et al.[40] 

InAs/InAs0.6Sb0.4 5.5 niBn d=1000 - 295 5.
5 

1.17, 
295, -
0.3V 

R=2.47A/
W; 

QE=72% 

1.93×1
09 

Kim, 
Teledyne [41] 

InAs/InAs0.482Sb0.518 5.6 nBn S=160-500 4.5 150 5.
8 

3.0×1
0-4, 

150, -
0.1 

QE~57% - Lubyshev, 
IQE[42] 

InAs/InAs0.478Sb0.522 5.45 nBn S=160-500 4.5 150 5.
7 

1.0×1
0-4, 

150, -
0.1 

QE~59% - 

Lubyshev, 
IQE on 
GaSb 

(311)A[42] 

InAs/InAs0.52Sb0.48 5.43 nBn S=160-500 4.5 150 6.
7 

8.7×1
0-4, 

150, -
0.3 

QE~57%  

Lubyshev, 
IQE on 
GaSb 

(211)B[42] 

InAs/AlAsSb/InAs/I
nAsSb/AlAsSb/InAs - p-i-n S=100-400 1 300 1.

8 

9.6×1
0-5, 

300, -
0.05 

R=0.47A/
W; 

QE=37% 

6.45×1
010 

Haddadi et 
al.[43] 
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1.5 Second-Order Susceptibility in Type-II Quantum Wells 

In addition to type-II superlattices, quantum wells with type-II alignment have also 

captured the attention of researchers in enhancing optical nonlinearity. Material 

development for nonlinear optics is a field with long history and great potential since 60s. 

The second order nonlinear susceptibility 𝜒𝜒(2) is the strongest among optical nonlinearities 

and is used extensively in frequency up/down conversion, parametric generation[44], and 

electro-optic modulation[45]. While virtually all materials, crystalline or amorphous, 

possess third order nonlinear susceptibility 𝜒𝜒(3), only crystalline materials without centro-

symmetry have substantial 𝜒𝜒(2). It has been proven that highly asymmetric covalent bonds 

increase the 𝜒𝜒(2) in compound semiconductor materials such as ZnSe, GaAs, InP, etc.[46] 

Unfortunately, due to the difficulty of achieving phase-matching (PM), these crystals are 

not widely used. The existing bulk phase-matchable nonlinear crystals such as LiNbO3 or 

KTP have 𝜒𝜒(2) values far from theoretical upper bounds, especially in the near-IR (NIR) 

to UV range[47,48]. Man-made structures such as asymmetrical quantum wells (AQWs) with 

intersubband (ISB) transitions[49-53] have been proposed as an effective way to achieve high 

𝜒𝜒(2) by engineering the asymmetric charge distributions, emulating polar bonds on a larger 

length scale[52-57]. However, current 𝜒𝜒(2) enhancement achieved in III-V AQWs [58,59] is 

limited to the mid-IR (MIR) due to small band offsets [56,58,59], and the palette of functional 

materials with large 𝜒𝜒(2), especially in the NIR to UV range remains sparse and practically 

unchanged since the 1990s. 

The formal definition of the second-order nonlinear optical susceptibility 𝜒𝜒(2) relates 

the polarization of the medium to the incident electric field vector [59]: 
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𝑃𝑃𝑖𝑖(𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚) =  𝜀𝜀0� � 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚,𝜔𝜔𝑛𝑛,𝜔𝜔𝑚𝑚)𝐸𝐸𝑖𝑖(𝜔𝜔𝑛𝑛)𝐸𝐸𝜆𝜆(𝜔𝜔𝑚𝑚)

(𝑛𝑛,𝑚𝑚)𝑖𝑖,𝜆𝜆

 (5) 

The second-order susceptibility is a third-rank tensor with components 𝑖𝑖, 𝑗𝑗,𝑘𝑘 . The 

polarization 𝑃𝑃𝑖𝑖 oriented in the 𝒓𝒓𝒊𝒊 direction is thus given by the frequency-dependent 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2) 

tensor element and the product of incident electric fields 𝐸𝐸𝑖𝑖(𝜔𝜔𝑛𝑛) and 𝐸𝐸𝜆𝜆(𝜔𝜔𝑚𝑚) directed in 

the 𝒓𝒓𝒋𝒋  and 𝒓𝒓𝒌𝒌  directions. The summation extends over all permutations of input field 

frequencies 𝜔𝜔𝑛𝑛 and 𝜔𝜔𝑚𝑚 with the sum 𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚 held fixed, and over all tensor elements of 

the incident electric field. There are in general 4 different physical processes related to the 

second-order nonlinear optical susceptibility 𝜒𝜒(2) [59]: 

𝑃𝑃𝑖𝑖(2𝜔𝜔𝑛𝑛) =  𝜀𝜀0��𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(2𝜔𝜔𝑛𝑛,𝜔𝜔𝑛𝑛,𝜔𝜔𝑛𝑛)𝐸𝐸𝑖𝑖(𝜔𝜔𝑛𝑛)𝐸𝐸𝜆𝜆(𝜔𝜔𝑛𝑛)

𝑛𝑛𝑖𝑖,𝜆𝜆

= 𝜀𝜀0𝜒𝜒(2)𝐸𝐸𝑛𝑛2 (SHG) (6) 

𝑃𝑃𝑖𝑖(𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚) =  𝜀𝜀0� � 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚,𝜔𝜔𝑛𝑛,𝜔𝜔𝑚𝑚)𝐸𝐸𝑖𝑖(𝜔𝜔𝑛𝑛)𝐸𝐸𝜆𝜆(𝜔𝜔𝑚𝑚)

(𝑛𝑛,𝑚𝑚)𝑖𝑖,𝜆𝜆

= 2𝜀𝜀0𝜒𝜒(2)𝐸𝐸1𝐸𝐸2 (SFG) 

(7) 

𝑃𝑃𝑖𝑖(𝜔𝜔𝑛𝑛 − 𝜔𝜔𝑚𝑚) =  𝜀𝜀0� � 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔𝑛𝑛 − 𝜔𝜔𝑚𝑚,𝜔𝜔𝑛𝑛,−𝜔𝜔𝑚𝑚)𝐸𝐸𝑖𝑖(𝜔𝜔𝑛𝑛)𝐸𝐸𝜆𝜆(−𝜔𝜔𝑚𝑚)

(𝑛𝑛,𝑚𝑚)𝑖𝑖,𝜆𝜆

= 2𝜀𝜀0𝜒𝜒(2)𝐸𝐸1𝐸𝐸2∗ (DFG) 

(8) 

𝑃𝑃𝑖𝑖(0) =  𝜀𝜀0� � 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(0,𝜔𝜔𝑛𝑛,𝜔𝜔𝑚𝑚)𝐸𝐸𝑖𝑖(𝜔𝜔𝑛𝑛)𝐸𝐸𝜆𝜆(𝜔𝜔𝑚𝑚)

(𝑛𝑛,𝑚𝑚)𝑖𝑖,𝜆𝜆

= 2𝜀𝜀0𝜒𝜒(2)(𝐸𝐸1𝐸𝐸1∗ + 𝐸𝐸2𝐸𝐸2∗) (OR) 

(9) 

Where SHG denotes second-harmonic generation, SFG is sum frequency generation, DFG 

is difference frequency generation, and OR is optical rectification.  

The optical response of the medium for DFG can be maximized by carefully 

engineering the AQW structure to make use of resonance. “Resonance” denotes the 
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condition where the electric field frequencies 𝜔𝜔𝑛𝑛  and/or 𝜔𝜔𝑚𝑚  approach a real transition 

frequency in the AQW structure, e.g. intersubband transitions or interband transitions. 

Transitions can be further classified as (i) singly resonant where one field frequency 𝜔𝜔𝑛𝑛 is 

resonant and the other component is non-resonant, and (ii) doubly resonant where both 𝜔𝜔𝑛𝑛 

and 𝜔𝜔𝑚𝑚 are resonant with transition frequencies in the AQW. [59] 

The simplest application is non-resonant difference frequency generation where both 

input frequencies 𝜔𝜔1 and 𝜔𝜔2 are much smaller than the interband transition frequencies, 

which are on the order of ~1 eV. It is important to note that the input field frequencies may 

still approach or exceed resonance with the intersubband transition frequencies, which are 

on the order of ~10-100 meV in typical type-II AQWs. The 𝜒𝜒(2) tensor elements are given 

as 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔1 − 𝜔𝜔2,𝜔𝜔1,−𝜔𝜔2)  with 𝜔𝜔1,𝜔𝜔2 ≪ 𝜔𝜔0 , where 𝜔𝜔0  is the smallest interband (or 

intersubband) transition frequency. Off-resonant optical rectification is simply the case 

where 𝜔𝜔1 = 𝜔𝜔2 and 𝜔𝜔1,𝜔𝜔2 ≪ 𝜔𝜔0. Off-resonant DFG is illustrated in Fig. 7 for a typical 

type-II AQW band structure. [59] 
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FIG. 7. Schematic diagram of off-resonant difference frequency generation. The electric 

field frequencies 𝜔𝜔1 and 𝜔𝜔2 are much smaller than the interband resonant frequency 𝜔𝜔0. 

 

 Singly-resonant difference frequency generation makes use of the large increase in 

𝜒𝜒(2) in interband type-II AQWs as the field frequency approaches the interband resonance, 

typically on the order of ~1 eV. Only one field component approaches resonance; the other 

field components are off-resonant from all other transition frequencies (both interband and 

intersubband).[58] It is convenient to describe the input frequencies in terms of the detuning 

𝛿𝛿𝜔𝜔 from the interband resonance frequency 𝜔𝜔0: 

𝜔𝜔0 = 𝜔𝜔1 − 𝜔𝜔2 + 𝛿𝛿𝜔𝜔 (10) 

Where the negative sign in front of 𝜔𝜔2 denotes difference frequency generation. In the limit 

as 𝛿𝛿𝜔𝜔 → 0 full resonance is achieved; however, this results in large interband absorption 

and high loss. Typical operation therefore utilizes small detuning 𝛿𝛿𝜔𝜔 of ~10-100 meV such 

that absorption losses are minimal, but the magnitude of 𝜒𝜒(2) is enhanced. Singly-resonant 

optical rectification is the special case where 𝜔𝜔1 = 𝜔𝜔2  and 𝜔𝜔1,𝜔𝜔2 ≅ 𝜔𝜔0 . Off-resonant 

DFG is illustrated in Fig. 8 for a typical type-II AQW band structure. 
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FIG. 8. Schematic diagram of singly-resonant difference frequency generation. The electric 
field frequencies 𝜔𝜔1 and 𝜔𝜔2 are detuned from the interband resonant frequency 𝜔𝜔0 by an 
amount 𝛿𝛿𝜔𝜔. 
 

Doubly-resonant difference frequency generation makes use of the large increase in 

𝜒𝜒(2) in interband type-II AQWs as one field frequency approaches the interband resonance, 

typically on the order of ~1 eV, and the second field frequency approaches the intersubband 

resonance, typically on the order of ~10-100 meV. The double resonances greatly increase 

the maximum achievable 𝜒𝜒(2) and are suitable for DFG applications with a pump laser 

wavelength on the order of the interband transition resonance 𝜔𝜔0,𝐼𝐼𝐼𝐼  and THz output 

wavelengths on the order of the intersubband transition resonance 𝜔𝜔0,𝐼𝐼𝐼𝐼𝐼𝐼. Define the IB 

and ISB detuning frequencies as[59]: 

𝜔𝜔0,𝐼𝐼𝐼𝐼 = 𝜔𝜔1 + 𝛿𝛿𝜔𝜔1 (11) 

𝜔𝜔0,𝐼𝐼𝐼𝐼𝐼𝐼 = 𝜔𝜔2 + 𝛿𝛿𝜔𝜔2 (12) 

The difference frequency 𝜔𝜔3 = 𝜔𝜔1 − 𝜔𝜔2 is known as the “idler” frequency and is a by-

product of the THz (IR) difference frequency generation. By carefully adjusting the AQW 

potential profile, the IB and ISB resonances can be tuned to align with the desired pump 

laser and THz (IR) frequencies 𝜔𝜔1 and 𝜔𝜔2. Doubly-resonant DFG is illustrated in Fig. 9 



  21 

for a typical type-II AQW band structure, where the THz (IR) intersubband resonance is 

placed in the conduction band. 

 

 

FIG. 9. Schematic diagram of doubly-resonant difference frequency generation. The 
electric field frequency 𝜔𝜔1 is detuned from the interband resonant frequency 𝜔𝜔0,𝐼𝐼𝐼𝐼 by an 
amount 𝛿𝛿𝜔𝜔1, and the frequency 𝜔𝜔2 is detuned from the intersubband resonant frequency 
𝜔𝜔0,𝐼𝐼𝐼𝐼𝐼𝐼 by an amount 𝛿𝛿𝜔𝜔2. 
  



  22 

1.6 CdSe and its Application to Solar Cells 
 

A typical thin-film solar cell consists of a polycrystalline II-VI alloy (such as CdSe, 

MgCdTe, or ZnCdTe) as the top cell in a tandem structure with a crystalline Si bottom cell. 

This design has the potential to achieve power conversion efficiencies exceeding 30% at 

concentrations below 50 suns.[60] CdSe, possessing the wurtzite (WZ) crystal structure, has 

a bandgap energy of 1.71~1.74 eV at room temperature,[61-63] making it an excellent choice 

for the top cell, as the ideal bandgap for the upper II-VI cell in combination with Si is 1.73 

eV. The theoretical power conversion efficiency of CdSe/Si tandem solar cells can reach 

up to 40%,[60] and it still exceeds 30% even with minority carrier lifetimes in the upper 

CdSe cell as short as 1 ns, a readily achievable characteristic even in polycrystalline thin-

film II-VI materials.[64] For effective absorption of sunlight, high-quality CdSe films up to 

1 μm in thickness are desired, given that the absorption coefficient of WZ CdSe at 1.72 eV 

is 4.19×104 cm-1,[65] resulting in an absorption length of 239 nm. 

Previous research on CdSe for thin-film solar-cell applications primarily focused on 

non-epitaxial growth methods, including closed-space sublimation, thermal evaporation, 

and electrodeposition.[66-68] Invariably, these methods resulted in polycrystalline CdSe 

material with short carrier lifetimes, low mobility, and low open-circuit voltage (VOC). 

Furthermore, achieving p-type doping in polycrystalline CdSe proved to be challenging. In 

one study by Plant PV[67], CdSe thin films were grown on sapphire wafers, while ZnTe was 

grown on Si wafers using closed-space sublimation, and successful p-type doping (≥1016 

cm-3) with arsenic was achieved. Bagheri[66] explored CdSe thin films grown via thermal 

evaporation. Modest enhancements in CdSe grain size were obtained through CdCl2 and 

Se flux treatment, along with thermal annealing. This led to the demonstration of PN 
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junction solar cells with VOC = 0.8 V and short-circuit current density JSC = 8 mA/cm2. 

Shaikh et al.[68] investigated electrodeposition to fabricate n-CdSe/p-Cu2Se heterojunction 

solar cells. However, the photovoltaic performance was limited, resulting in poor VOC = 

0.35 V and JSC = 0.4 mA/cm2. Due to the poor quality of the material, the successful 

development of a practical solar cell device based on monocrystalline CdSe has remained 

elusive.  

The ZB InAs(111) crystal plane with an in-plane lattice constant of 4.28 Å is highly 

suitable as a substrate for the epitaxial growth of monocrystalline wurtzite CdSe, which 

has a lattice constant a = 4.30 Å, making InAs an attractive choice due to its small lattice 

mismatch of -0.35% with the WZ phase.[69] 
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1.6 Organization of the Dissertation 

The first part of this dissertation reports on the quantum structures designed with type-

II band alignment for applications in infrared photodetection and optical nonlinearity. The 

operation principle and analytical simulation of quantum efficiency cross-talk, along with 

the detailed MBE growth, material characterization and device fabrication of optically-

addressed multiband photodetectors are discussed in the first half of chapter 2. The 

comprehensive derivations of second-order susceptibility in type-II quantum-well 

structures, the use of asymmetric quantum wells with type-II band alignment to increase  

𝜒𝜒(2) , the theoretical framework for envelope wavefunction engineering of type-II 

asymmetric quantum well designs, and comparison of the type-II structures with type-II 

structures to quantify the enhancement in 𝜒𝜒(2) resulted from the differing band alignments 

are discussed in the second half of chapter 2, where the theoretical derivation of 𝜒𝜒(2) is 

carried out by Dr. Stephen T. Schaefer. Chapter 3 presents the epitaxial growth, structural 

and optical properties of CdSe thin films grown on lattice-matched InAs(100) and (111)B-

oriented substrates and the mixing of the two phases, WZ or ZB. The TEM and FFT 

experimental results are carried out by Professor Martha R. McCarthey and Professor 

David. J Smiths at ASU, and DFT results are acquired and calculated by Professor Andrew 

V.G. Chizmeshya. Finally, the conclusion and outlook of the present work are included in 

chapter 4.  
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CHAPTER 2 

TYPE-II BAND ALIGNMENT QUANTUM STRUCTURES FOR INFARED 

PHOTODETECTION AND OPTICAL NONLINEARITY APPLICATIONS 

2.1 Basics of Molecular Beam Epitaxy 

Molecular beam epitaxy (MBE) facilitates the deposition of thin films with 

exceptionally high crystalline quality, primarily due to its utilization of an ultra-high 

vacuum (UHV) chamber with pressures that are maintained below 10-9 torr. Achieving 

UHV involves the removal of gases and particles from the chamber. FIG. 10 depicts[4] a 

schematic diagram of an MBE chamber. Inside the chamber, source materials are carefully 

loaded into individual pyrolytic boron nitride (PBN) or graphite crucibles which are located 

within the installed effusion cells.  

 

FIG. 10. Schematic cross-section view of a MBE chamber[4] 
 

At low background pressures, molecules exhibit an extremely long mean free path, 

signifying that they can traverse extensive distances in a linear direction without 
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encountering collisions or interactions with other particles. The mean free path is defined 

as following: 

𝜆𝜆 =
𝑅𝑅𝑇𝑇

√2𝜋𝜋𝑑𝑑2𝑁𝑁𝐴𝐴𝑃𝑃
 , (13) 

where 𝑅𝑅 is the gas constant, 𝑇𝑇 is the temperature, 𝑑𝑑 is the diameter of the particle, 𝑁𝑁𝐴𝐴 is 

Avogadro’s number, and 𝑃𝑃 is the pressure. According to the equation (13), in a standard 

MBE chamber operating at pressures around  at 10-10 torr, the mean free path for a molecule 

in the chamber varies from 1 km to 105 km, depending on the diameter of molecule. This 

suggests that the molecular beam of source material, vaporized through heating within the 

effusion cell, can directly traverse from the crucible to the substrate and subsequently 

adhere to the substrate's surface, contributing to the growth process. Furthermore, to 

mitigate the presence of impurities and undesirable particles in both the source material 

and the chamber, it is strongly recommended to employ source materials with a purity level 

of 5N (99.999%) or even higher. 

FIG. 11 provides a schematic diagram of the dual-chamber MBE system located within 

the ASU MBE Optoelectronics Group. The III-V chamber comprises effusion cells for 

aluminum (Al), gallium (Ga), and indium (In), as well as valved cells for phosphorus (P), 

arsenic (As), and antimony (Sb). Specifically, the cells for P, As, and Sb are equipped with 

cracking zones designed to generate group-V monomers and dimers. The tri-dopant cell, 

which incorporates silicon (Si), tellurium (Te), and beryllium (Be) dopants, alongside the 

recently integrated gallium telluride (GaTe) dopant cell, endows the system with the extra 

doping capability. Notably, this setup facilitates seamless transitions between n- and p-

dopants without the need for growth interruption. The II-VI chamber comprises effusion 
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cells for Be, magnesium (Mg), cadmium (Cd), and zinc (Zn), in addition to valved cells for 

selenium (Se) and Te. These two chambers are connected via a preparation chamber, which 

enables the transfer of under UHV conditions. The temperature of the substrate heater is 

both measured and controlled through the utilization of a thermocouple, situated on the 

rear side of the substrate holder, in conjunction with a closed-loop Eurotherm controller. 

Meanwhile, the temperature of the sample surface is continuously monitored using a 

pyrometer. The temperature of each cell is also measured and controlled by thermocouple 

and Eurotherm. Additionally, shutters positioned in front of all cells switch on or off the 

beam flux with precise time control. The intensity of the flux (in unit of nA) is measured 

through a beam flux monitoring (BFM) ion gauge. Throughout the growth process, the 

substrate holder maintains continuous rotation to mitigate any nonuniformities. In-situ 

reflective high energy electron diffraction (RHEED) is used to monitor the sample surface 

by confirming surface reconstruction during the growth. 

 

FIG. 11. Schematic drawing of dual-chamber MBE system. The III-V and II-VI chambers 
are connected by a preparation chamber, allowing samples to be transferred under an ultra-
high vacuum. 
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All of the samples demonstrated in this dissertation were fabricated using this dual-

chamber MBE system at ASU. In the case of the II-VI samples covered in Chapter 4, the 

process involved the removal of oxide layers from the InAs substrate and the initial growth 

of an InAs buffer are completed within the III-V chamber. Subsequently, these samples 

were transferred into the II-VI chamber to finalize the growth of II-VI materials. 
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2.2 Operation Principle of Optically-Addressed Mutiband Photodetectors 

Multiband or multiband discrete photodetectors and focal plane arrays (FPAs) have 

been developed for a wide range of commercial and defense applications. These 

applications include environmental resource surveying, chemical detection, target 

identification, and have even been proposed for use in eye-safe imaging systems for 

autonomous vehicles. [70-73]  Two typical architectures of dual-band detectors are: i) three-

terminal structures consisting of two photodiodes,[74] and ii) two-terminal structures 

consisting of two back-to-back photodiodes with a polarity-switchable electrical bias [74,75]. 

These two architectures cannot be extended to more than two bands unless three or more 

terminals are used [76-78]. This requires additional terminals for each pixel, greatly 

complicating the FPA layout and device processing, decreasing the fill factor, and 

increasing the ROIC complexity. Reducing the number of terminals from three to two is 

therefore highly desirable and allows the multiband detector to be integrated with off-the-

shelf single-band ROICs.[77] A novel approach has been demonstrated in 2010: 

monolithically-integrated optically-addressed three-band two-terminal photodetectors to 

cover the visible and near IR range.[79,80] Several dual-band photodetectors based on this 

novel approach using PIN diodes, nBn, and QWIP structures have also been successfully 

demonstrated to cover the MWIR and LWIR bands [80,81]. 

The operating principle of this novel optical addressing design is to use different 

optical biases to a stack of photodiodes (PDs) with two-terminals to select the target band 

for multiband detection (Fig. 12 Left). Under external electrical bias, the total dark current 

going through such a PD stack is dictated by the PD with the smallest saturation current. 

When a set of LEDs with different wavelengths corresponding to each individual PD are 



  30 

used to optically bias or address all the photodiodes except the detecting PD, the detecting 

PD will be the current-limiting device and the entire stack then operates as one single-band 

detector with a spectral response determined by the detecting PD.  

 

  
FIG. 12. Left : Schematic of the optically-addressed, two-terminal, multiband 
photodetector, a InGaP/InGaAs/Ge triple-junction solar cell. Right:  Schematic 
illustration of the ideal I–V curves of the individual photodiodes and the load line for 
the active detector for two input signal intensities: (a) the signal intensity is less than 
the optical bias flux and (b) the signal intensity is greater than the optical bias flux. The 
optical bias photon flux is equal for all inactive photodiodes[79]. 
 

Fig. 12 Right shows the ideal I–V curves of the individual photodiodes and the load 

line for the active detector for two input signal intensities resulting in: (a) the 

photogenerated current from the signal being less than the photogenerated current due to 

the optical bias and (b) the photogenerated current from the signal being greater than the 

photogenerated current due to the optical bias. The optical bias condition is such that the 

photon flux is equal for all the inactive photodiodes. The optically-biased diodes operate 

in the photovoltaic mode with their forward voltages determined by the operating current 

of the entire device[79], which in this case is due to the signal, Isig. The optical bias results 

in a reverse voltage bias on the active photodiode, causing it to operate in the 
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photoconductive mode, as shown by the intersection of the active photodiode’s I–V curve 

and the load line in Fig. 11. When the input signal is not w8ithin the active photodiode’s 

spectral response range, the total device current is very small (the dark current of the active 

photodiode). Thus, the device is a single-band detector with the spectral response of the 

active photodiode only. As long as the photogenerated current due to the signal is smaller 

than the photogenerated currents from the optically-biased photodiodes, this single-band 

detection condition is maintained. But when the current generated from the input signal 

becomes greater than the current due to the light bias, the operating points of the individual 

photodiodes change. The device current is no longer due to the signal but to the optical 

bias, and the single-band operating principles just described are not applicable. 

In principle, this multiband detector structure is suitable for any range of the spectrum 

from UV to infrared and for any number of bands. Practically, the bias LEDs can be 

mounted on the cold-shield sidewalls between the cold stop aperture and the FPA without 

affecting the field of view and the cold-stop efficiency. This configuration also allows the 

LEDs to operate at cryogenic temperatures, which increases their efficiency. Fiber optics 

or liquid light guides can also be used to bring the LED light to the FPA. A control 

algorithm can cycle through the various combinations of biasing LEDs to address the 

different bands and enable multiband detection. This sequential sampling method, also 

used for the current dual-band back-to-back diode FPA, leads to a tradeoff between frame 

rate, integration time, and the number of bands for the optically-addressed two-terminal 

multiband detectors. In comparison, the dual-band three-terminal detectors can sample 

each band simultaneously, but they suffer from a lower fill factor due to the extra contact. 

This requires a longer integration time to reach a desired signal-to-noise ratio, limiting the 
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maximum frame rate. Additionally, the extra contact increases device fabrication and 

packaging complexity. The integration of a multiband detector and the optical biasing 

scheme allows the number of detecting bands to increase without raising the number of 

contacts above two per pixel. FIG. 13 shows the device structure design of an optically-

addressed monolithically-integrated tri-band photodetectors using GaSb and 

InAs/InAsxSb1-x superlattice materials for SWIR/MWIR/LWIR detection ranges. The 

proposed configuration comprises three individual p-i-n photodiodes. Each photodiode 

features GaSb and T2SLs absorbers, which are individually enclosed within layers of 

AlGaAsSb that are lattice-matched to the GaSb substrate. The cutoff wavelengths for 

SWIR GaSb, MWIR T2SL and LWIR T2SL absorbers are 1.7 μm, 4.9 μm and 12.1 μm, 

respectively. The Sb composition (x) in InAs1-xSbx remains constant throughout the 

growths of T2SLs to ensure compositional consistency and enhance precision in 

controlling the ternary compound's composition.[82,83] 
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FIG. 13. Device structure of a device structure design of an optically-addressed 
monolithically-integrated tri-band photodetectors using GaSb and InAs/InAsxSb1-x 

superlattice materials. [82,83] 
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2.3 An Analytical Model and Simulation of Crosstalk in Quantum Efficiency 

FIG. 14 shows the responsivity of the previously studied three photodiodes, which 

clearly confirms that optical biasing can address one photodiode at a time in a multiband 

detector with only two electrical terminals.[79,81] When the InGaAs and Ge photodiodes are 

optically biased, the entire detector response is that of the InGaP photodiode only, with 

zero response above 650 nm. The InGaAs photodiode shows a response from 650 to 900 

nm, while the Ge photodiode responds at greater than 900 nm. The crosstalk between the 

InGaP and InGaAs photodiodes and between the InGaAs and Ge photodiodes is a result of 

(i) luminescence coupling, (ii) photon flux leakage through the InGaP and InGaAs 

photodiodes, as they may not be optically thick enough. In both cases, the crosstalk 

responsivity is less than ten percent of the responsivity in the photodiode’s intended 

response range, and this can be further reduced by optimizing the absorber thickness 

designs.  

 
FIG. 14. Measured spectral responsivity demonstrates detection band switching. The 
responsivity was measured with matching photon flux on the inactive photodiodes.[79,81] 
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An analytical model has been developed for the simulation of luminescence 

coupling and light leakage effects in optically-addressed tri-band photodetectors. GaSb, 

MWIR InAs/InAsSb T2SL and LWIR InAs/InAsSb T2SL have been selected for the 

absorber materials for SWIR, MWIR and LWIR, respectively. The experimental values of 

absorption coefficients and external quantum efficiency of corresponding materials can be 

found in literature. [36,84-88] The formulas of external quantum efficiency corresponding to 

SWIR detection mode on, MWIR detection mode on and LWIR detection mode on are 

listed as Eq. 14 (a), (b) and (c) below: [82,83] 

 

(a) SWIR Active, MWIR+LWIR LEDs on 

EQE(λ) =  ηQE1(λ)�1 − e−α1(λ)d1� (14a) 

  

(b) MWIR Active, SWIR+LWIR LEDs on 

EQE(λ) = ηPL1(λ)ηQE2(λPL1)�1 − e−α1(λ)d1��1 − e−α2(λPL1)d2�

+ ηQE2(λ)e−α1(λ)d1�1 − e−α2(λ)d2� 
(14b) 

  

(c) LWIR Active, SWIR+MWIR LEDs on 

EQE(λ) = ηPL1(λ)ηPL2(λPL1)ηQE3(λPL2)�1 − e−α1(λ)d1��1 −

e−α2(λPL1)d2��1 − e−α3(λPL2)d3� + ηPL2(λ)ηQE3(λPL2)e−α1(λ)d1(1 −

e−α2(λ)d2)(1 − e−α3(λPL2)d3)+ ηQE3(λ)e−α1(λ)d1e−α2(λ)d2(1 − e−α3(λ)d3) 

 

(14c) 
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𝜆𝜆 is the wavelength of input signal, ηQE1, ηQE2 and ηQE3 are the external quantum 

efficiencies, α1, α2 and α3 are the absorption coefficients, and d1, d2 and d3 are the layer 

thicknesses of GaSb, MWIR T2SL and LWIR T2SL, respectively. Besides these values, 

photoluminescence quantum efficiencies 𝜂𝜂𝑃𝑃𝑃𝑃 are also defined and are strongly dependent 

on the materials and the reversed bias voltage applied to the detectors. With an increased 

reverse bias voltage, a lower photoluminescence quantum efficiency 𝜂𝜂𝑃𝑃𝑃𝑃  yield, as it 

promotes the more effective separation of carriers (electrons and holes) rather than their 

recombination.. 

 

FIG. 15. Expected device EQE modeling with bias light illumination with different 
layer thicknesses for the absorbers. [82,83] 
 
As illustrated in FIG. 15, the blue, orange, and green curves correspond to the 

anticipated EQE of the active SWIR mode with MWIR and LWIR LEDs activated, the 

active MWIR mode with SWIR and LWIR bias LEDs activated, and the active LWIR mode 

with SWIR and MWIR bias LEDs activated, respectively. The simulation process is 

simplified by the parametrization of the material's absorption coefficient and EQE based 

on reported experimental results. The plots reveal that crosstalk arises from the incomplete 
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absorption of optical bias and signals. Additionally, luminescence coupling introduces 

artifacts and background noise in the EQE plot[79,81]. Increasing absorber thickness and 

reducing luminescence efficiency reduces the crosstalk. As shown in FIG.14, increases in 

both thickness of the SWIR and MWIR absorbers from 5μm to 20μm and from 10μm to 

20μm respectively, reduce the crosstalk significantly. 
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2.4 Molecular Beam Epitaxy of InAs/InAs1-XSbx Type-II Superlattices 

InAs possesses a slightly smaller lattice constant in comparison to GaSb. Conversely, 

InAs1-xSbx with x > 0.09 exhibits a larger lattice constant than GaSb. Consequently, when 

these two materials are grown on a GaSb substrate, InAs experiences tensile strain, whereas 

InAs/InAs1-xSbx is subjected to compressive strain. When either InAs or InAs1-xSbx is 

grown on a GaSb substrate, the presence of strain occurs. If the layer thickness becomes 

excessively large, the layer will eventually relax, leading to the formation of a significant 

number of misfit dislocations. These dislocations can ultimately compromise the 

crystalline quality of the epitaxial thin film. Matthews and Blakeslee developed a method 

to calculate the critical thickness of the interface structure in multilayers. This critical 

thickness represents the point at which a layer can be grown in a fully-strained state. Their 

calculation is based on considering two key forces[89]: 1. The force resulting from the misfit 

strain between the layer and the substrate. 2. The tension in the dislocation line. By 

evaluating these forces, their work provides valuable insights into understanding when and 

how thin films can be grown while maintaining a fully-strained condition, which is crucial 

for optimizing the quality of epitaxial thin films. The expression of the critical thickness 

for a ZB (100) structure is shown as Eq. 15[90]: 

ℎ𝑐𝑐 =
𝑎𝑎𝐼𝐼 �1 − 𝜈𝜈

4� [ln�√2ℎ𝑐𝑐
𝑎𝑎𝐼𝐼

� + 1]

√2𝜋𝜋|𝜀𝜀|(1 + 𝜈𝜈)
 

(15a) 

𝜈𝜈 =
𝐶𝐶12

𝐶𝐶11 + 𝐶𝐶12
 (15b) 

𝜀𝜀 =
𝑎𝑎𝐼𝐼 − 𝑎𝑎𝑃𝑃
𝑎𝑎𝑃𝑃

 , (15c) 
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In this equation ℎ𝑐𝑐  represents the critical thickness, 𝑎𝑎𝐼𝐼 is the lattice constant of the 

substrate, 𝑎𝑎𝑃𝑃 is the lattice constant of the epilayer, 𝜈𝜈 is the Poisson’s ratio, 𝐶𝐶11 and 𝐶𝐶12 are 

the elastic constants of the epilayer, and 𝜀𝜀 is the strain of the epilayer. The critical thickness 

limits the maximum thickness which can be grown on a substrate without generating misfit 

dislocations. When two or more layers with different types of strain, either compressive or 

tensile, are grown alternately on a substrate, it becomes feasible to achieve a balance in the 

overall in-plane strain.[90] When there is an absence of in-plane shear force to induce misfit 

dislocations, the in-plane stress is maintained at zero. This implies that the alternative 

multi-layers can theoretically be grown to an infinite thickness on the substrate without the 

need to consider the accumulation of in-plane stress-related issues. This provides an 

approach of the strain-balancing strategy that one can achieve an average in-plane stress of 

zero within the alternating combination of tensile and compressively strained layers.[88] 

There are three methods for realizing strain-balance condition, including average lattice 

method, thickness weighted method, and zero-stress method, proposed by Ekins-Daukes 

et al..[90] The expressions of these three methods are shown as Eq. 16, Eq. 17 and Eq. 18, 

respectively[90]:  

𝑎𝑎𝐼𝐼 =
𝑡𝑡1𝑎𝑎1 + 𝑡𝑡2𝑎𝑎2
𝑡𝑡1 + 𝑡𝑡2

  (16) 

𝑎𝑎𝐼𝐼 =
(𝐴𝐴1𝑡𝑡1 + 𝐴𝐴2𝑡𝑡2)𝑎𝑎1𝑎𝑎2
𝐴𝐴1𝑡𝑡1𝑎𝑎2 + 𝐴𝐴2𝑡𝑡2𝑎𝑎1

 , 
(17) 

where 𝐴𝐴 = 𝐶𝐶11 + 𝐶𝐶12 − 2𝐶𝐶122 𝐶𝐶11⁄ . 

𝑎𝑎𝐼𝐼 =
𝐴𝐴1𝑡𝑡1𝑎𝑎1𝑎𝑎22 + 𝐴𝐴2𝑡𝑡2𝑎𝑎2𝑎𝑎12

𝐴𝐴1𝑡𝑡1𝑎𝑎22 + 𝐴𝐴2𝑡𝑡2𝑎𝑎12
 . 

   

(18) 
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In the average lattice method, the approach essentially involves calculating the average 

lattice constant of the two layers to match that of the substrate. This method assumes that 

both layers possess identical elastic properties. The thickness-weighted method proposes 

that the strain-balance condition is achieved when the product of strain and thickness is 

equal for both layers. The approach of the zero-stress method calculates the strain-balance 

condition from classical elasticity theory and considers the lowest energy state of the tensile 

or compressively strained layers, where no average stress is present. In this dissertation, 

the thickness-weighted method is adopted for the calculation of the strain-balance 

condition for all the T2SLs reported. 

InAs/InAs1-xSbx superlattice samples with strain-balanced design were grown by MBE 

at temperature of 410℃ after the GaSb buffer layer growth at temperature of 500℃ on  

GaSb(100) substrates. The layer structure of the calibration samples consisted of a 1 μm 

superlattice of alternating InAs and InAs1-xSbx layers sandwiched between two 10-nm-

thick AlSb barrier layers which provided better carrier confinement and reduced surface 

recombination. A 20-nm-thick GaSb cap layer was grown on top of AlSb barrier to prevent 

the rapid oxidation of Al when exposed to the atmosphere. An advantage of growing 

InAs/InAs1-xSbx Type-II T2SLs is the simplicity with which alternating abrupt layers can 

be achieved by maintaining fixed As flux and modulating one Sb shutter without any 

intermixing at the interfaces. The schematic cross-section of the superlattice calibration 

sample is shown in FIG. 16[19]. The growth rate of InAs was kept at 15 nm/min with an 

As/In flux ratio of 3 while the Sb/In flux ratio ranged from 1.5 to 2 for Sb compositions in 

InAs1-xSbx alloy, x ranging from 0.3 to 0.6 for various samples. The layer thickness of InAs 
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and InAs1-xSbx is calculated based on the thickness-weighted method of strain-balance 

condition as described in Eq.17. 

 

FIG. 16. The cross-section of InAs/InAs1-xSbx T2SL samples with AlSb barrier layers 
and a 20-nm-thick GaSb capping layer[19]. 
 

The cross-section structure of a dual-band structure covering SWIR and MWIR grown 

by MBE is shown in FIG. 17. The sample structure comprises a 5-μm-thick mid-

wavelength superlattice (MWSL) region and a separate 2-μm-thick GaSb SWIR region. 

These regions are individually sandwiched between Al0.5Ga0.5As0.04Sb0.96 barrier layers 

and are grown on top of a 500-nm-thick GaSb buffer layer. The MWSLs region comprises 

unintentionally doped n-type 4.3 nm/1 nm InAs/InAs0.68Sb0.32 T2SLs. The As/In flux ratio 

was kept constant at 3 during the growth while the Sb/In ratio were 1.5 for the growth of 

MWSL and GaSb, and the growth rates of InAs and GaSb were fixed at 15 nm/min at a 

growth temperature of 410 ℃. GaTe and Be cells were used for n-type doping and p-type 

doping, respectively. The entire structure was grown at the temperature of 410 ℃, which 

is noteworthy as it marked the first attempt to grow GaSb at a relatively lower temperature, 

as opposed to the conventional 500 ℃. [19,26] 
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FIG. 17. The cross-section structure of a dual-band structure covering SWIR and 
MWIR grown by MBE, consisting of a 5-μm-thick MWSL region and a 2-μm-thick 
GaSb SWIR region. [82,83] 
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2.5 Characterization of InAs/InAs1-xSbx Type-II Superlattices 

The structural properties of the T2SL samples were characterized by using 

PANalytical X’Pert Pro MRD High Resolution X-ray Diffraction (HR XRD) with ω-2θ 

scans along the (004) plane. FIG. 16 shows an ω-2θ XRD of (004)-plane of the dual-band 

structure, and the black and red lines illustrate the measured and simulated curves, 

respectively. The results are analyzed with X’Pert Epitaxy software. The intense satellite 

peaks with narrow linewidth  and the Pendellösung fringes indicate high degree of 

crystalline quality, abrupt interface, and uniform superlattice period. Moreover, the zeroth-

order peak of the MWSL is well-aligned with the GaSb substrate peak. This alignment 

suggests that the T2SL is strain-balanced to GaSb, which is a crucial requirement for 

growing thick layers without the generation of misfit dislocations. The average superlattice 

period thickness can be obtained by the spacings between multiple adjacent satellite peaks. 

The period thickness, as well as the thickness of InAs and InAs/InAs1-xSbx layers, are not 

precisely known parameters. They are typically estimated based on the growth rates of 

InAs and InAs/InAs1-xSbx and the duration of shutter opening during the growth. 

Nevertheless, precise values for the thicknesses of InAs and InAs/InAs1-xSbx layers are 

determined after the average period thickness is confirmed while also factoring in the 

growth rate and the duration of the Sb shutter opening. After all, the only parameter that 

requires fitting in the simulation software is the Sb composition. The extracted parameters, 

shown in Table 2, are that of 4-nm-thick InAs and 1.3-nm-thick InAs1-xSbx where x=0.325. 

Here, an abrupt interface and zero unintentional Sb inter-diffusion into the InAs layers are 

assumed. The simulation curve plotted in FIG.18 matches the measurement curve, and the 
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Ga0.5Al0.5As0.10Sb0.90 barrier peak is shown and matched, suggesting the accuracy of the 

fitted thickness and composition.  

 

Layer Measurement (XRD) Design 
 InAs 

(nm) 
InAs1-xSbx 

(nm) 
x InAs 

(nm) 
InAs1-xSbx 

(nm) 
x 

MWSL 4 1.3 0.32 4 1.3 0.325 
Table 2. The extracted parameters from the best fit of (004) XRD, indicating the 
consistency between the design and measurement[82,83]. 
 
 

 

FIG. 18. ω− 2θ XRD of the dual-band structure. Black and red lines illustrate the 
measured and simulated curves, respectively. The peaks for GaSb, MWSLs and 
Ga0.5Al0.5As0.10Sb0.90 barrier are as indicated by different arrows[82,83]. 
 

The optical properties of the T2SLs were characterized by the steady-state 

photoluminescence (SSPL) measurements conducted at 12 K and 77K. A 785 nm laser 

diode with 6 W/cm² pumping density was modulated at 50 kHz to excite the samples. The 
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measurements were carried out using a double-modulation ThermoFisher iS50R Fourier 

transform infrared (FTIR) spectrometer equipped with liquid-nitrogen-cooled InSb and 

HgCdTe detectors. To achieve a temperature of 12 K, the samples were placed within a 

closed-cycle cryogenic system. FIG. 19 provides an overview of the schematic FTIR 

system. The effective transition energy at low temperatures was determined by the peak 

position of photoluminescence (PL) in units of meV or micrometers. The normalized PL 

spectra of the T2SL calibration samples are depicted in FIG. 20 as a function of wavelength. 

It's worth noting that this measurement was conducted in the atmosphere, which introduced 

a discontinuity in the PL spectra around 290 meV due to CO2 absorption. However, this 

discontinuity can be eliminated by normalizing the data using the calibration curve of the 

detector. The photoluminescence measurements show that the cutoff wavelengths of 

InAs/InAsSb T2SL calibration samples ranging from 3.8 to 12 μm, and that T2SLs have 

the capability for bandgap engineering, as reflected in the manipulation of the bandgap (PL 

peak energy -1
2
𝑘𝑘𝐼𝐼𝑇𝑇) through adjustments in layer thickness and Sb composition. All T2SL 

calibration samples demonstrate strong PL intensity and high signal-to noise ratio, besides 

sample B2755 whose PL peak is at 6.3 μm. The low PL intensity and high noise may be 

attributed to the strong H2O absorption in the atmosphere. 
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FIG. 19. A schematic diagram of ThermoFisher iS50R Fourier transform infrared (FTIR) 
spectrometer. This system can be used for steady-state photoluminescence with 
wavelength range from 1.5 to 12μm and time-resolved photoluminescence with 
resolution 50ns. 
 

 

FIG. 20. Normalized 12 K PL spectra from InAs/InAs1-xSbx T2SLs calibration samples. 
The discontinuity at 290 meV is the result of CO2 absorption. 

  



  47 

Additionally, Secondary Ion Mass Spectrometry (SIMS) has been applied to the dopant 

calibration samples which ensured the dopant levels in designed p- and n-barrier layers. 

SIMS detects very low concentrations of dopants and impurities. The technique provides 

elemental depth profiles over a wide depth range from a few angstroms (Å) to tens of 

micrometers (µm). Shown in Fig 21, Te and Be doping levels can reach 1021 and 1019 

atom/cm-3 in GaSb respectively, and the T2SL layers can be either p-doped or n-doped up 

to the level of 1019 atom/cm-3. The oscillation of Te dopants in T2SL is caused by the 

alternating changes in group-V fluxes. 

 

FIG. 21. SIMS measurement of the InAs/InAs1-xSbx  T2SL and GaSb calibration 
sample[82,83] 
 
 
 

The time-resolved photoluminescence measurement (TRPL) can be done by the 

“Design II” schematically illustrated in FIG. 22. The system is based around a Vigo System 

3.0 – 6.9 μm HgCdTe four-stage thermoelectrically cooled photodetector interfacing 
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directly with an Acqiris U5310A PCIe high-speed ADC card with sampling rate of 5 GHz. 

The sample is excited by a Bright Solutions Wedge XF 1064 nm pulsed laser with a typical 

pulse width of 490 ps and 10 kHz repetition rate. This system enables direct analog-to-

digital conversion of the time-varying photoluminescence signal with resolution of 200 ps. 

A PC running the Acqiris MD3 SFP software interfaces with the ADC card, providing real-

time voltage vs time traces for TRPL experiments. The MWIR time-resolved 

photoluminescence system’s performance is characterized by its impulse response. The 

procedure is illustrated graphically in Fig. 23 and consists of two separate measurements: 

(i) measurement of scattered 1064 nm laser radiation from the cryostat/cold finger surface, 

and (ii) measurement of baseline noise with the laser beam blocked. The scattered radiation 

from the pulsed laser acts as a δ(t) function permitting accurate measurement of the 

system’s time-domain impulse response. 
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FIG. 22. MWIR TRPL system utilizing an integrated high-speed analog-to-digital 
conversion card and 3.0–6.9 μm HgCdTe four-stage TE cooled photodetector. 

 

 
 
FIG. 23. Schematic of MWIR TRPL system impulse response measurement. Two sets of 
measurements are collected: (i) using scattered pulsed laser radiation to excite the detector 
as a 𝛿𝛿(𝑡𝑡) function (top) and (ii) with the laser beam blocked to measure background noise 
only (bottom). 
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The MWIR TRPL system was validated by measuring a series of benchmark samples 

consisting of (i) 1 μm thick epitaxial InAs on InAs confined by 10 nm thick AlSb barriers, 

sample B2380, (ii) a InAs/InAsSb type-II superlattice grown on GaSb, IQE 2503037, and 

(iii) a 550 nm thick InAs/InAs0.76Sb0.24 type II superlattice grown on GaSb, B2589. The 

measured time-domain and frequency-domain PL signals are shown in Fig. 24 and Fig. 25, 

respectively. The strongly emitting InAs sample B2380 saturated the ADC card input, 

resulting in a flat-topped time trace with a corresponding anomalous high-frequency 

feature; this saturation does not affect the PL decay away from the ADC card input limit. 

The InAs sample B2380 and InAs/InAsSb T2SL sample IQE 2503037 exhibit multiple 

exponential PL decays, indicating the carrier lifetime is excitation density dependent. A 

single exponential PL decay is fitted to the regions indicated by solid lines and arrows, and 

the resulting PL decay lifetime is indicated directly on Fig. 13. The fitted PL decay times 

are 17.9 ns for InAs sample B2380, 291.2 ns for InAs/InAsSb T2SL sample IQE 2503037, 

and 13.0 ns for InAs/InAsSb T2SL sample B2589. The 291.2 ns lifetime for sample IQE 

2503037 compares favorably to prior measurements of the sample using the double-

modulated analog system with a liquid nitrogen cooled detector which indicated a lifetime 

of 418 ns. This experiment validates that the MWIR time-resolved photoluminescence 

system using direct analog-to-digital conversion can accurately measure lifetimes as short 

as 6 ns in the spectral range of 3.0 – 6.9 μm. 
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FIG. 24. PL signal voltage vs time for 1 μm thick InAs sample B2380 (black), InAs/InAsSb 
T2SL sample IQE 2503037 (blue), and InAs/InAsSb T2SL sample B2589 (red). Solid lines 
and arrows indicate fitting regions for single exponential PL decay model (dash-dotted 
lines); the dotted lines indicate regions that are not fitted. Single exponential PL decay 
lifetimes are shown directly. 

 

FIG. 25. PL signal magnitude as a function of frequency obtained by fast Fourier transform 
(FFT) of the time-domain signals in Fig. 24. Samples are 1 μm thick InAs sample B2380 
(black), InAs/InAsSb T2SL sample IQE 2503037 (blue), and InAs/InAsSb T2SL sample 
B2589 (red). An anomalous feature near ~100 MHz is observed for the strongly emitting 
InAs sample due to saturation of the ADC card input. 
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2.6 Device Fabrication of Optically-Addressed Multiband Photodetectors 

 
After the MBE growth and material characterizations, the photodetector samples were 

sent to ASU NanoFab for device processing. The processing included n-mesa etching, 

dielectric deposition, top contact deposition, mesa etching, bottom contact deposition, and 

annealing. FIG. 26 shows the layout pattern for the photomask of the photodetector device 

process on a 2-inch wafer using MLA 150. 

Positive photoresist was used for all deposition steps and etching steps. Lift-off 

technique was used for top contact deposition and dielectric deposition. Therefore, the 

shaded area shows exposure region for deposition steps, while the clear area shows 

exposure region for etching steps. Ge (20 nm) / Ni (20 nm) / Au (300 nm) and Ti (50 nm) 

/ Pt (50 nm) / Au (200 nm) were used as top contact and bottom contact, respectively. The 

top contact defined the size of the apertures, and the diameter of the apertures was designed 

to be 200, 500 or 1000 μm. A contact pad with diameter of 200 μm was designed for wire 

bonding in each device. Bottom contact was deposited onto the entire back side of the 

samples and no photolithography is required. Rapid thermal annealing (RTA) at 260 ° C 

for 1 minute in N2 flow was used to form an Ohmic contact. Sputtered SiO2 of 100 nm was 

used as dielectric. Wet etching was done with a mixture of acid and hydrogen peroxide. 

HF:H2O2:H2O with a volume ratio of 1:1:100 was used to etch the AlGaAsSb barrier layers 

and the GaSb absorber layers. H3PO4:H2O2:H2O with a volume ratio of 1:1:10 to etch the 

InAs/InAsSb T2SL layers. The phosphoric acid etchant exhibited relatively low etching 

rate of the AlGaAsSb barrier layers and the GaSb absorber layers, which can reduce the 
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undesired lateral etching of the AlGaAsSb barrier layers and the GaSb absorber layers.  No 

surface passivation or anti-reflection coating was applied.  

 

FIG. 26. MAL 150 layout pattern for the photomask of the photodetector device process 
on a 2-inch wafer. 
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2.7 Calculation of 𝜒𝜒(2) in Type-II Asymmetric Quantum Wells 

Intersubband (ISB) 𝜒𝜒(2)  nonlinearities require high doping,[53,55] are prone to large 

absorption near resonance,[45,56] and only engender one component of 𝜒𝜒(2) tensor, 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  = 

𝑑𝑑33.[44,90] For this reason, as early as 1987 it was proposed to extend the concept of envelope 

function engineering to the interband (IB) transition in AQWs.[56,90] The interband 

nonlinearity expands operational frequency range all the way to the bandgap energy, 

however, understanding the design and optimization of the 𝜒𝜒(2)  requires extra effort 

because of the cancellation effects, as virtual transitions by electrons or holes tend to cancel 

each other.[44,90] Therefore, simply having asymmetrical envelope wavefunctions is not 

sufficient for large 𝜒𝜒(2).[91] If the valence band edge potential profile is the mirror image of 

the conduction band, then the nonlinear polarizabilities of virtual holes and electrons nearly 

cancel each other because the distance between the centers of charge of the lowest CB and 

highest VB subbands Δ𝑧𝑧11 = (∫|Ψ𝑐𝑐|2 − ∫|Ψ𝑣𝑣|2)𝑧𝑧𝑑𝑑𝑧𝑧 (interband charge shift) is very small. 

Therefore, using type-I asymmetric stepped QWs[89] (T1 ASQW) or asymmetric coupled 

quantum wells[53,90] (ACQW) previously studied for ISB 𝜒𝜒(2)  does not result in large 

interband 𝜒𝜒(2). A schematic of T1 and T2 AQWs made of a modal materials system is 

shown in FIG. 27. The T1 and T2 band offsets shown in the schematic are set arbitrarily 

for simplicity without losing any generality. In theory, these band offsets can be realized 

using proper material choice and alloy compositions such as group III-V, II-VI, or IV-IV 

material systems. The two well regions in the T2 AQW form (i) an electron well with 

thickness 𝑙𝑙1 and (ii) a hole well with thickness 𝑙𝑙2. Although the material contains multiple 

QW’s the barriers separating individual QW’s are thick enough (>200nm) to suppress 

interwell coupling that greatly simplifies calculations by allowing to consider individual 
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QW’s with semi-infinitely thick barriers. The conduction and valence band edges 

𝐸𝐸𝑐𝑐1,𝐸𝐸𝑐𝑐2,𝐸𝐸𝑣𝑣1,𝐸𝐸𝑣𝑣2 and 𝐸𝐸𝑐𝑐𝑐𝑐,𝐸𝐸𝑣𝑣𝑐𝑐 are defined for the electron well (well 1), hole well (well 2) 

and barriers, correspondingly. For simplicity, consider only unstrained (i.e. lattice-matched) 

well and barrier layers such that the heavy and light hole band edges are degenerate at the 

Γ point. Holding all the band offsets between the barriers and well layers constant, there 

are a total of six independent parameters specifying the AQW potential profile: well widths 

𝑙𝑙1  and 𝑙𝑙2  for well 1 and well 2, and conduction and valence band edge offset ∆𝐸𝐸𝑐𝑐2,𝑐𝑐1,

∆𝐸𝐸𝑣𝑣2,𝑣𝑣1,∆𝐸𝐸𝑐𝑐1,𝑐𝑐𝑐𝑐 and ∆𝐸𝐸𝑣𝑣1,𝑣𝑣𝑐𝑐 between the two wells and the barriers. The electron and hole 

wells in the T2 AQW may have either type-I or type-II alignment to the barriers, however 

the key property of the T2 AQW is the type-II alignment between the well layers which 

breaks the symmetry between conduction and valence band edges and results in spatial 

separation of the electron (e1) and heavy-hole/light-hole (hh1/lh1) envelope wavefunction 

peaks. Schematically, this is shown by the charge shift  Δ𝑧𝑧11 = �∫�Ψ𝑐𝑐,1�
2 − ∫�Ψ𝑣𝑣,1�

2� 𝑧𝑧𝑑𝑑𝑧𝑧, 

which is small for the T1 ASQW, but much greater in the T2 AQW.[92] 
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FIG. 27. (a) Type-I asymmetric quantum well (T2 AQW) and (b) type-II asymmetric 
quantum well (T2 AQW) schematic structure. Conduction (valence) band offsets shown as 
green (blue) lines. Electron well is denoted by layer 1 with width 𝑙𝑙1  and hole well is 
denoted by layer 2 with width 𝑙𝑙2. The band offsets of both barriers are identical, with semi-
infinite thickness. [92] 
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The envelope wavefunctions for the quantum-confined electrons and holes are denoted 

as 𝜓𝜓𝑐𝑐𝑖𝑖,𝑔𝑔(𝑧𝑧) with band index 𝑖𝑖 = 1, 2, 3 for heavy holes (hh), electrons (e) and light holes 

(lh) respectively, and the subband index 𝑔𝑔 = 1, 2, 3… The envelope wavefunctions in the 

AQW are determined by solving the one-dimensional time-independent Schrödinger 

equation using the finite difference method.[91] MATLAB R2020b is used to calculate the 

eigenfunctions and eigenenergies of the diagonal Hamiltonian matrix.  

The interband 𝜒𝜒(2)  is determined by the electric dipole moments 𝝁𝝁12,𝑔𝑔𝑚𝑚  for each 

possible transition doublet between bands 𝑏𝑏1, 𝑏𝑏2 and subbands 𝑔𝑔, 𝜇𝜇 in the quantum well 

structure, respectively. The electric dipole transition moment 𝝁𝝁12,𝑔𝑔𝑚𝑚  between 

wavefunctions  Ψ𝑐𝑐1,𝑔𝑔 and  Ψ𝑐𝑐2,𝑚𝑚 is given by[59] 

𝝁𝝁12,𝑔𝑔𝑚𝑚 = �Ψ𝑐𝑐1,𝑔𝑔�𝑞𝑞𝒓𝒓�Ψ𝑐𝑐2,𝑚𝑚� = 𝑞𝑞�Ψ𝑐𝑐1,𝑔𝑔
∗ 𝒓𝒓Ψ𝑐𝑐2,𝑚𝑚𝑑𝑑3𝒓𝒓. (19) 

The electronic wavefunction Ψ𝑔𝑔 corresponding to band 𝑏𝑏1 and subband 𝑔𝑔 in a quantum 

well is described by[90] 

 Ψ𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓) =  𝜓𝜓𝑐𝑐1,𝑔𝑔(𝑧𝑧) 𝑢𝑢𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓)𝑒𝑒𝑖𝑖𝒌𝒌𝑡𝑡∙𝒓𝒓𝑡𝑡 , (20) 

where 𝜓𝜓𝑐𝑐1,𝑔𝑔(𝑧𝑧)  is the envelope function, which is determined by the quantum well 

potential profile, and 𝑢𝑢𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓) is the Bloch function, which is determined by the periodic 

potential of the crystal lattice. Combining Eq. (1) and (2) yields the dipole transition 

moment 𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑖𝑖  in the direction 𝒓𝒓𝚤𝚤�  , where 𝑖𝑖 = 𝑥𝑥,𝑦𝑦 𝑎𝑎𝑎𝑎𝑑𝑑 𝑧𝑧 for all three spatial directions, 

for transitions from band 𝑏𝑏1, subband 𝑔𝑔 onto band 𝑏𝑏2, subband 𝜇𝜇[90]: 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑖𝑖 = �Ψ𝑐𝑐1,𝑔𝑔(𝑧𝑧) 𝑢𝑢𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓)�𝑞𝑞𝑟𝑟𝑖𝑖�𝜓𝜓2,𝑚𝑚(𝑧𝑧) 𝑢𝑢𝑐𝑐2,𝑚𝑚(𝒌𝒌, 𝒓𝒓)�

= 𝑞𝑞�𝜓𝜓𝑐𝑐1,𝑔𝑔
∗ (𝑧𝑧) 𝑢𝑢𝑐𝑐1,𝑔𝑔

∗ (𝒌𝒌, 𝒓𝒓)𝑟𝑟𝑖𝑖𝜓𝜓2,𝑚𝑚(𝑧𝑧) 𝑢𝑢𝑐𝑐2,𝑚𝑚(𝒌𝒌, 𝒓𝒓)𝑑𝑑3𝒓𝒓. 

(21) 
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Consider only small values of the wavevector 𝒌𝒌 near the Γ point corresponding to 

states which extend over many unit cells. Then the Bloch functions 𝑢𝑢𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓)  are 

approximately constant[44] in the QW growth direction 𝑧𝑧, which has length on the order of 

~10 nm. Further, assume parabolic band dispersion near the Γ  point (effective mass 

approximation) with isotropic in-plane Bloch functions.[44,93] The effect of band 

nonparabolicity has been shown to be negligible in III-V semiconductors up to several 𝑘𝑘𝑇𝑇 

above the Γ point.[55,93] The wavefunctions can be written in terms of in-plane wavevector 

𝒌𝒌𝑡𝑡 and in-plane position 𝒓𝒓𝑡𝑡, and the out-of-plane wavevector 𝑘𝑘𝑥𝑥 and position 𝑧𝑧, with 𝒌𝒌 =

𝑘𝑘𝑥𝑥𝒛𝒛� + 𝑘𝑘𝑡𝑡𝒓𝒓𝒕𝒕�  and 𝒓𝒓 = 𝑧𝑧𝒛𝒛� + 𝑟𝑟𝑡𝑡𝒓𝒓𝒕𝒕� . Separation of variables in the expression for the electric 

dipole moment yields 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑖𝑖 ≈ 𝑞𝑞�𝜓𝜓𝑐𝑐1,𝑔𝑔

∗ (𝑧𝑧) 𝜓𝜓2,𝑚𝑚(𝑧𝑧)𝑟𝑟𝑖𝑖 𝑢𝑢𝑐𝑐1,𝑔𝑔
∗ (𝑘𝑘𝑡𝑡 , 𝑟𝑟𝑡𝑡)𝑢𝑢𝑐𝑐2,𝑚𝑚(𝑘𝑘𝑡𝑡 , 𝑟𝑟𝑡𝑡)𝑑𝑑𝑧𝑧𝑑𝑑2𝑟𝑟𝑡𝑡 . 

(22) 

The QW is symmetric in the 𝑥𝑥-𝑦𝑦 plane. The directions 𝑥𝑥 and 𝑦𝑦 are equivalent,[56] and the 

in-plane electric interband dipole moments 𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥  and 𝜇𝜇12,𝑔𝑔𝑚𝑚

𝑦𝑦  In general, calculation of the 

interband matrix elements requires knowledge of the Bloch wavefunctions 𝑢𝑢𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓). A 

full-band simulation is required to determine the Bloch wavefunctions exactly. However, 

the dipole matrix element squared can be calculated in the parabolic band approximation 

from the momentum matrix element squared, �𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2[90,91], 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 = 𝜇𝜇12,𝑔𝑔𝑚𝑚

𝑦𝑦 = �𝜓𝜓𝑐𝑐1,𝑔𝑔�𝜓𝜓𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚�. (23a) 

�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2 = 𝜇𝜇0

2𝜔𝜔12,𝑔𝑔𝑚𝑚
2 �𝒙𝒙� ∙ 𝝁𝝁12,𝑔𝑔𝑚𝑚�

2 = 𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 �2

= 𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑔𝑔� 

 (23a) 
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The Bloch functions constitute an orthonormal set24 such that �𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑢𝑢𝑐𝑐2,𝑚𝑚� = 𝛿𝛿𝑐𝑐1,𝑐𝑐2 . 

Therefore, all electric dipole transition moments 𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥  in the 𝑧𝑧 direction will be zero 

except for intersubband transitions with 𝑏𝑏1 = 𝑏𝑏2: [90,91] 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 = 𝑞𝑞�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝑧𝑧�𝜓𝜓𝑐𝑐2,𝑚𝑚�𝛿𝛿𝑐𝑐1,𝑐𝑐2 . (24a) 

�𝒛𝒛� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2 = 𝜇𝜇0

2𝜔𝜔12,𝑔𝑔𝑚𝑚
2 �𝒛𝒛� ∙ 𝝁𝝁12,𝑔𝑔𝑚𝑚�

2 = 𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 �2  

                                       =  𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝜓𝜓𝑐𝑐1,𝑔𝑔 |𝑧𝑧|𝜓𝜓𝑐𝑐2,𝑔𝑔��𝜓𝜓𝑐𝑐2,𝑔𝑔 |𝑧𝑧|𝜓𝜓𝑐𝑐1,𝑔𝑔�𝛿𝛿𝑐𝑐1,𝑐𝑐2
2    

(24b) 

The interband dipole transition moments depend on the envelope wavefunction 

overlaps and the interband dipole matrix element 𝑞𝑞�𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚�. In general, calculation 

of the interband matrix elements requires knowledge of the Bloch wavefunctions 

𝑢𝑢𝑐𝑐1,𝑔𝑔(𝒌𝒌, 𝒓𝒓) . A full-band simulation is required to determine the Bloch wavefunctions 

exactly. However, the dipole matrix element squared can be calculated in the parabolic 

band approximation from the momentum matrix element squared, �𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2
, according 

to[90,91] 

�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2 = 𝜇𝜇0

2𝜔𝜔12,𝑔𝑔𝑚𝑚
2 �𝒙𝒙� ∙ 𝝁𝝁12,𝑔𝑔𝑚𝑚�

2 = 𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 �2

= 𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑔𝑔� 

 

(25a) 

�𝒛𝒛� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2 = 𝜇𝜇0

2𝜔𝜔12,𝑔𝑔𝑚𝑚
2 �𝒛𝒛� ∙ 𝝁𝝁12,𝑔𝑔𝑚𝑚�

2 = 𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 �2  

                                       =  𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚

2 �𝜓𝜓𝑐𝑐1,𝑔𝑔 |𝑧𝑧|𝜓𝜓𝑐𝑐2,𝑔𝑔��𝜓𝜓𝑐𝑐2,𝑔𝑔 |𝑧𝑧|𝜓𝜓𝑐𝑐1,𝑔𝑔�𝛿𝛿𝑐𝑐1,𝑐𝑐2
2  

(25b) 
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where 𝜔𝜔12,𝑔𝑔𝑚𝑚
2 = �𝐸𝐸𝑐𝑐1,𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝐸𝐸𝑐𝑐2,𝑚𝑚(𝑘𝑘𝑡𝑡)� ℏ⁄  is the angular frequency for interband 

transitions, and 𝐸𝐸𝑐𝑐1,𝑔𝑔(𝑘𝑘𝑡𝑡) is the energy of the quantum-confined state in band 𝑏𝑏1, subband 

𝑔𝑔 , which depends on the in-plane wavevector 𝑘𝑘𝑡𝑡  according to the effective mass 

approximation.[93] In general, for type-II AQW structures the interband matrix elements 

will depend on the growth direction 𝑧𝑧  for different layer materials. Therefore, its 

expectation value is calculated by weighting by the envelope wavefunctions:[93] 

〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2〉 = �𝜓𝜓𝑐𝑐1,𝑔𝑔��𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�

2�𝜓𝜓𝑐𝑐2,𝑚𝑚�

= �  𝜓𝜓𝑐𝑐1,𝑔𝑔
∗ (𝑧𝑧)�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�

2𝜓𝜓𝑐𝑐2,𝑚𝑚(𝑧𝑧)𝑑𝑑𝑧𝑧. 

(26) 

Eq. 26 directs us to calculate the triple product of electric dipole moments including 

the product of dipole matrix elements between two transition doublets, e.g. 

�𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑛𝑛�. If the effective bandgap corresponding to the interband 

separation 𝜔𝜔12  is much larger than the subband splitting in each band, we can write 

𝜔𝜔12,𝑔𝑔𝑚𝑚 ≈ 𝜔𝜔12,𝑛𝑛𝑚𝑚  for the subbands. The product of dipole matrix elements for two 

transition doublets �𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑛𝑛�  can then be approximated as the 

geometric mean of the expectation value of the two momentum matrix elements 

〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2〉 and 〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑛𝑛𝑚𝑚�

2〉, with 

𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚𝜔𝜔12,𝑔𝑔𝑛𝑛�𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑛𝑛�

≈ �〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2〉�〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑛𝑛𝑚𝑚�

2〉. 

(27) 

The bulk momentum matrix element is given by[93] 

𝑀𝑀𝑐𝑐
2(𝑧𝑧) =

𝜇𝜇0

6
𝐸𝐸𝑝𝑝(𝑧𝑧), (28) 
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where 𝐸𝐸𝑝𝑝(𝑧𝑧) is Kane’s potential, which varies slightly with material type. Typical values 

for III-V materials are ~25 eV.[93] The 𝑥𝑥 polarized (TE polarization) momentum matrix 

elements are given by[93] 

�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2(𝑧𝑧) =

⎩
⎪
⎨

⎪
⎧3

4
�1 + cos2𝜃𝜃𝑛𝑛𝑚𝑚(𝑧𝑧)�𝑀𝑀𝑐𝑐

2(𝑧𝑧), 𝑐𝑐 → ℎℎ

�
5
4
−

3
4

cos2𝜃𝜃𝑛𝑛𝑚𝑚(𝑧𝑧)�𝑀𝑀𝑐𝑐
2(𝑧𝑧), 𝑐𝑐 → 𝑙𝑙ℎ

 

(29a) 

(29b) 

 

 

�𝒛𝒛� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2(𝑧𝑧) = �

 
3
2

 𝑠𝑠𝑖𝑖𝑎𝑎2𝜃𝜃𝑛𝑛𝑚𝑚(𝑧𝑧) 𝑀𝑀𝑐𝑐
2(𝑧𝑧), 𝑐𝑐 → ℎℎ

1
2
�1 + 3cos2𝜃𝜃𝑛𝑛𝑚𝑚(𝑧𝑧)�𝑀𝑀𝑐𝑐

2(𝑧𝑧), 𝑐𝑐 → 𝑙𝑙ℎ
 

(29c) 

(29d) 

 

 

where the momentum matrix element value differs depending on whether the transition 

𝑏𝑏1 → 𝑏𝑏2 is between conduction and heavy hole bands, or between conduction and light 

hole bands. The geometric factor cos2𝜃𝜃𝑛𝑛𝑚𝑚(𝑧𝑧) is a function of wavevector and effective 

mass, with 

cos2𝜃𝜃𝑛𝑛𝑚𝑚(𝑧𝑧) =
𝐸𝐸𝑒𝑒𝑛𝑛(𝑧𝑧) + |𝐸𝐸ℎ𝑚𝑚(𝑧𝑧)|

𝐸𝐸𝑒𝑒𝑛𝑛(𝑧𝑧) + |𝐸𝐸ℎ𝑚𝑚(𝑧𝑧)| + (ℏ𝑘𝑘𝑡𝑡)2
2𝜇𝜇𝑟𝑟

∗(𝑧𝑧)

 
(30) 

𝐸𝐸𝑒𝑒𝑛𝑛(𝑧𝑧) =
(ℏ𝑘𝑘𝑥𝑥𝑛𝑛)2

2𝜇𝜇𝑒𝑒
∗(𝑧𝑧) 

(31) 

𝐸𝐸ℎ𝑚𝑚(𝑧𝑧) = −
(ℏ𝑘𝑘𝑥𝑥𝑚𝑚)2

2𝜇𝜇ℎ
∗ (𝑧𝑧) , 

(32) 

1
𝜇𝜇𝑟𝑟
∗(𝑧𝑧) =

1
𝜇𝜇𝑒𝑒
∗(𝑧𝑧) +

1
𝜇𝜇ℎ
∗ (𝑧𝑧), (33) 
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where 𝜇𝜇𝑒𝑒
∗(𝑧𝑧), 𝜇𝜇ℎ

∗ (𝑧𝑧), and 𝜇𝜇𝑟𝑟
∗(𝑧𝑧) are the electron, hole, and reduced effective masses (in 

kg) respectively. 𝑘𝑘𝑥𝑥𝑛𝑛 is the quantized out-of-plane wavevector corresponding to the n-th 

bound state in the QW, with 

𝑘𝑘𝑥𝑥𝑛𝑛 = �2𝜇𝜇𝑒𝑒𝑛𝑛
∗ �𝐸𝐸𝑐𝑐,𝑛𝑛 − 𝐸𝐸𝑐𝑐� ℏ� , 

(34a) 

𝑘𝑘𝑥𝑥𝑚𝑚 = �2𝜇𝜇ℎ𝑚𝑚
∗ �𝐸𝐸𝑣𝑣 − 𝐸𝐸ℎ,𝑚𝑚� ℏ� , 

(34b) 

where 𝐸𝐸𝑐𝑐 and 𝐸𝐸𝑣𝑣 denote the bulk band edges in the electron and hole wells, respectively. 

The triple products of the electric dipole moments for the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) , 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) , 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) , and 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  

tensors are written explicitly as[57,91,92] 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑥𝑥 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝑥𝑥

= 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝜓𝜓𝑐𝑐2,𝑚𝑚��𝜓𝜓𝑐𝑐2,𝑚𝑚�𝜓𝜓𝑐𝑐3,𝑛𝑛��𝜓𝜓𝑐𝑐3,𝑛𝑛�𝑧𝑧�𝜓𝜓𝑐𝑐1,𝑔𝑔��𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐3,𝑛𝑛�𝛿𝛿𝑐𝑐3,𝑐𝑐1

≈ 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝜓𝜓𝑐𝑐2,𝑚𝑚��𝜓𝜓𝑐𝑐2,𝑚𝑚�𝜓𝜓𝑐𝑐1,𝑛𝑛��𝜓𝜓𝑐𝑐1,𝑛𝑛�𝑧𝑧�𝜓𝜓𝑐𝑐1,𝑔𝑔�
�〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�

2〉�〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑛𝑛𝑚𝑚�
2〉

𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚𝜔𝜔12,𝑛𝑛𝑚𝑚

, 

 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑥𝑥 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝑥𝑥

= 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝜓𝜓𝑐𝑐2,𝑚𝑚��𝜓𝜓𝑐𝑐2,𝑚𝑚�𝑧𝑧�𝜓𝜓𝑐𝑐3,𝑛𝑛��𝜓𝜓𝑐𝑐3,𝑛𝑛�𝜓𝜓𝑐𝑐1,𝑔𝑔��𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚��𝑢𝑢𝑐𝑐3,𝑛𝑛�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑔𝑔�𝛿𝛿𝑐𝑐2,𝑐𝑐3

≈ 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝜓𝜓𝑐𝑐2,𝑚𝑚��𝜓𝜓𝑐𝑐2,𝑚𝑚�𝑧𝑧�𝜓𝜓𝑐𝑐2,𝑛𝑛��𝜓𝜓𝑐𝑐2,𝑛𝑛�𝜓𝜓𝑐𝑐1,𝑔𝑔�
�〈�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�

2〉�〈�𝒙𝒙� ∙ 𝒑𝒑21,𝑛𝑛𝑔𝑔�
2〉

𝜇𝜇0
2𝜔𝜔12,𝑔𝑔𝑚𝑚𝜔𝜔21,𝑛𝑛𝑔𝑔

, 

 

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑥𝑥 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝑥𝑥

= 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝑧𝑧�𝜓𝜓𝑐𝑐2,𝑚𝑚��𝜓𝜓𝑐𝑐2,𝑚𝑚�𝜓𝜓𝑐𝑐3,𝑛𝑛��𝜓𝜓𝑐𝑐3,𝑛𝑛�𝜓𝜓𝑐𝑐1,𝑔𝑔��𝑢𝑢𝑐𝑐2,𝑚𝑚�𝑥𝑥�𝑢𝑢𝑐𝑐3,𝑛𝑛��𝑢𝑢𝑐𝑐3,𝑛𝑛�𝑥𝑥�𝑢𝑢𝑐𝑐1,𝑔𝑔�𝛿𝛿𝑐𝑐1,𝑐𝑐2

≈ 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝑧𝑧�𝜓𝜓𝑐𝑐1,𝑚𝑚��𝜓𝜓𝑐𝑐1,𝑚𝑚�𝜓𝜓𝑐𝑐3,𝑛𝑛��𝜓𝜓𝑐𝑐3,𝑛𝑛�𝜓𝜓𝑐𝑐1,𝑔𝑔�
�〈�𝒙𝒙� ∙ 𝒑𝒑13,𝑚𝑚𝑛𝑛�

2〉�〈�𝒙𝒙� ∙ 𝒑𝒑31,𝑛𝑛𝑔𝑔�
2〉

𝜇𝜇0
2𝜔𝜔13,𝑚𝑚𝑛𝑛𝜔𝜔31,𝑛𝑛𝑔𝑔

, 

 

(35) 

(36) 

(37) 
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𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑥𝑥 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝑥𝑥 = 𝑞𝑞3�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝑧𝑧�𝜓𝜓𝑐𝑐1,𝑚𝑚��𝜓𝜓𝑐𝑐1,𝑚𝑚�𝑧𝑧�𝜓𝜓𝑐𝑐1,𝑛𝑛��𝜓𝜓𝑐𝑐1,𝑛𝑛�𝑧𝑧�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝛿𝛿𝑐𝑐1,𝑐𝑐2,𝑐𝑐3  

 

where Eq. 35, Eq. 36 and Eq. 37 provides the interband dipole matrix elements in terms of 

the readily-calculable momentum matrix elements, which depend only on the bulk material 

parameters: band offsets, effective masses, and Kane’s potential. 

 

The simplification that the Bloch functions for subbands 𝑔𝑔 and 𝑎𝑎 within the same band 

are identical: 𝑢𝑢𝑐𝑐1,𝑔𝑔 ≈ 𝑢𝑢𝑐𝑐1,𝑛𝑛  for all 𝑔𝑔,𝑎𝑎 h has been introduced here. The effect of band 

mixing is negligible, which is on the scale of (∆𝐸𝐸/𝐸𝐸𝑔𝑔)2 where ∆𝐸𝐸 is the Intersubband 

splitting. As a result, the electric dipole moment 𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥  in Eq. 35 is non-zero only for 𝑏𝑏1 ≠

𝑏𝑏2 (interband transitions), while the electric dipole moment 𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑥𝑥  in Eq. 37 is non-zero 

only for 𝑏𝑏1 = 𝑏𝑏2 (intersubband transitions). 

The second order nonlinear susceptibility tensor element 𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2) of the quantum well is 

given as[91] 

𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔1 + 𝜔𝜔2,𝜔𝜔1,𝜔𝜔2)

=
𝑁𝑁𝑥𝑥

2𝜀𝜀0ℏ2𝐿𝐿2
𝒫𝒫𝐼𝐼 � � 𝑓𝑓𝑐𝑐1,𝑔𝑔(𝒌𝒌)

𝑔𝑔,𝑚𝑚,𝑛𝑛

�
𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑖𝑖 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑖𝑖 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝜆𝜆

�𝜔𝜔21,𝑚𝑚𝑔𝑔(𝒌𝒌𝑡𝑡) − 𝜔𝜔1 − 𝜔𝜔2��𝜔𝜔31,𝑛𝑛𝑔𝑔(𝒌𝒌𝑡𝑡) − 𝜔𝜔2�𝜆𝜆𝑡𝑡𝑐𝑐1,𝑐𝑐2,𝑐𝑐3

, 

 

where 𝜔𝜔1  and 𝜔𝜔2  are the angular frequencies of the incident electric fields and 𝑁𝑁𝑥𝑥  is 

number of quantum well periods per unit length. 𝑓𝑓𝑐𝑐1,𝑔𝑔(𝒌𝒌) is the Fermi function for band 𝑏𝑏1 

and subband 𝑔𝑔. Assuming intrinsic material with Fermi level in the middle of the gap, 𝑓𝑓𝑐𝑐1,𝑔𝑔 

is unity for valence band states and zero for conduction band states. The complex angular 

(38) 

(39) 
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frequency 𝜔𝜔21,𝑚𝑚𝑔𝑔(𝒌𝒌) for transitions from band 𝑏𝑏2 and subband 𝜇𝜇 to band 𝑏𝑏1 and subband 

𝑔𝑔 is given by the difference between bound state energies: 

 

𝜔𝜔21,𝑚𝑚𝑔𝑔(𝑘𝑘𝑡𝑡) =
𝐸𝐸𝑐𝑐2,𝑚𝑚(𝒌𝒌𝑡𝑡) − 𝐸𝐸𝑐𝑐1,𝑔𝑔(𝒌𝒌𝑡𝑡)

ℏ
− 𝑖𝑖

Γ𝑐𝑐2,𝑚𝑚

2
, 

(40) 

where Γ𝑐𝑐2,𝑚𝑚 is a dipole dephasing rate that is used to model damping phenomena such as 

LO phonon scattering and interface scattering in the perturbation solution to Schrödinger’s 

equation.[59] The dephasing rates are a product of various scattering and recombination 

mechanisms.[55,93] In this work, the dephasing rate is treated as an adjustable broadening 

parameter with a typical value ℏΓ = 5 meV. [44,56] The bound state energy dispersion is 

assumed to be isotropic with respect to the in-plane wavevector 𝑘𝑘𝑡𝑡 in the parabolic band 

(effective mass) approximation. 

The first summation in Eq. 39 proceeds over all possible band triplets 𝑏𝑏1, 𝑏𝑏2, 𝑏𝑏3; e.g. 

heavy hole subband 1 (ℎℎ1), electron subband 1 (𝑒𝑒1), light hole subband 1 (𝑙𝑙ℎ1), or ℎℎ1, 

𝑒𝑒1, 𝑙𝑙ℎ1, etc. The second summation proceeds over all possible initial, intermediate, and 

final states triplets, which includes contributions from all bound states in the AQW. The 

intrinsic permutation operator 𝒫𝒫𝐼𝐼  sums over all permutations of (−𝜔𝜔1 − 𝜔𝜔2, 𝑖𝑖), (𝜔𝜔1, 𝑗𝑗), 

and (𝜔𝜔2, 𝑘𝑘) . Expressing Eq. 39 in integral form in terms of the isotropic in-plane 

wavevector 𝑘𝑘𝑡𝑡 yields: 

𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔1 + 𝜔𝜔2,𝜔𝜔1,𝜔𝜔2)                                                                                                         

=
𝑁𝑁𝑥𝑥

𝜋𝜋𝜀𝜀0ℏ2
𝒫𝒫𝐼𝐼 � � �𝑓𝑓𝑐𝑐1,𝑔𝑔(𝑘𝑘𝑡𝑡)

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑖𝑖 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑖𝑖 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝜆𝜆

�𝜔𝜔21,𝑚𝑚𝑔𝑔(𝑘𝑘𝑡𝑡) −𝜔𝜔1 − 𝜔𝜔2��𝜔𝜔31,𝑛𝑛𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝜔𝜔2�𝑔𝑔,𝑚𝑚,𝑛𝑛𝑐𝑐1,𝑐𝑐2,𝑐𝑐3

𝑘𝑘𝑡𝑡𝑑𝑑𝑘𝑘𝑡𝑡  

 (41) 
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For intrinsic material with Fermi level in the middle of the band gap, the Fermi function 

𝑓𝑓𝑐𝑐1,𝑔𝑔(𝑘𝑘𝑡𝑡) is unity for valence bands 𝑏𝑏1 = ℎℎ or 𝑙𝑙ℎ, and is zero for conduction band 𝑏𝑏1 = 𝑒𝑒. 

Eq. 39 can be further simplified as 

𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔1 + 𝜔𝜔2,𝜔𝜔1,𝜔𝜔2)

=
𝑁𝑁𝑥𝑥

𝜋𝜋𝜀𝜀0ℏ2
𝒫𝒫𝐼𝐼 � � �

𝜇𝜇2,𝑔𝑔𝑚𝑚
𝑖𝑖 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑖𝑖 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝜆𝜆

�𝜔𝜔21,𝑚𝑚𝑔𝑔(𝑘𝑘𝑡𝑡) −𝜔𝜔1 − 𝜔𝜔2��𝜔𝜔31,𝑛𝑛𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝜔𝜔2�𝑔𝑔,𝑚𝑚,𝑛𝑛ℎℎ,𝑐𝑐2,𝑐𝑐3

𝑘𝑘𝑡𝑡𝑑𝑑𝑘𝑘𝑡𝑡

+  
𝑁𝑁𝑥𝑥

𝜋𝜋𝜀𝜀0ℏ2
𝒫𝒫𝐼𝐼 � � �

𝜇𝜇12,𝑔𝑔𝑚𝑚
𝑖𝑖 𝜇𝜇23,𝑚𝑚𝑛𝑛

𝑖𝑖 𝜇𝜇31,𝑛𝑛𝑔𝑔
𝜆𝜆

�𝜔𝜔21,𝑚𝑚𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝜔𝜔1 − 𝜔𝜔2��𝜔𝜔31,𝑛𝑛𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝜔𝜔2�𝑔𝑔,𝑚𝑚,𝑛𝑛𝑙𝑙ℎ,𝑐𝑐2,𝑐𝑐3

𝑘𝑘𝑡𝑡𝑑𝑑𝑘𝑘𝑡𝑡 . 

(42) 

It is apparent from the orthogonality property of the Bloch functions that only the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) , 

𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) , 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) , and 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor elements are nonzero. This works considers only the interband 

𝜒𝜒(2) tensor elements, we thus do not consider the ISB 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor element any further. The 

triple product of electric dipole moments in the numerator of Eq. 39 are computed 

according to Eq. 22. The envelope wavefunction overlaps are straightforwardly computed 

from the 1D quantum-confined wavefunctions in the 𝑧𝑧 direction, while the interband dipole 

matrix elements �𝑢𝑢𝑐𝑐1,𝑔𝑔�𝑥𝑥�𝑢𝑢𝑐𝑐2,𝑚𝑚�  are calculated from the momentum matrix elements 

�𝒙𝒙� ∙ 𝒑𝒑12,𝑔𝑔𝑚𝑚�
2[44,93] At the Γ point with 𝑘𝑘𝑡𝑡 = 0 the momentum matrix elements squared for 

hh – e and lh – e transitions are 𝜇𝜇0𝐸𝐸𝑝𝑝 4⁄  and 𝜇𝜇0𝐸𝐸𝑝𝑝 12⁄  respectively,[93] where the Kane 

potential 𝐸𝐸𝑝𝑝 ranges from 15 to 25 eV for all common semiconductors.[93] 

Near the electron - heavy hole interband resonance, the summation in Eq. 10 is 

dominated by a single term,[57] namely the product of the interband dipole matrix elements 

and the charge shift ∆𝑧𝑧11 between the first electron and heavy hole envelope wavefunctions, 

with 



  66 

𝜒𝜒𝑖𝑖𝑖𝑖𝜆𝜆
(2)(𝜔𝜔1 + 𝜔𝜔2,𝜔𝜔1,𝜔𝜔2)  

≈
𝑁𝑁𝑥𝑥

3𝜋𝜋𝜀𝜀0ℏ2
�𝑢𝑢𝑐𝑐,1�𝑥𝑥�𝑢𝑢ℎℎ,1�

2 �
�𝜓𝜓𝑒𝑒,1�𝜓𝜓ℎℎ,1��𝜓𝜓ℎℎ,1�𝜓𝜓𝑒𝑒,1���𝜓𝜓𝑒𝑒,1�𝑧𝑧�𝜓𝜓𝑒𝑒,1� − �𝜓𝜓ℎℎ,1�𝑧𝑧�𝜓𝜓ℎℎ,1��

�𝜔𝜔21,𝑚𝑚𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝜔𝜔1 − 𝜔𝜔2��𝜔𝜔31,𝑛𝑛𝑔𝑔(𝑘𝑘𝑡𝑡) −𝜔𝜔2�
𝑘𝑘𝑡𝑡𝑘𝑘𝑡𝑡

=
𝑁𝑁𝑥𝑥

3𝜋𝜋𝜀𝜀0ℏ2
�𝑢𝑢𝑐𝑐,1�𝑥𝑥�𝑢𝑢ℎℎ,1�

2 �
�𝜓𝜓𝑒𝑒,1�𝜓𝜓ℎℎ,1��𝜓𝜓ℎℎ,1�𝜓𝜓𝑒𝑒,1�∆𝑧𝑧11

�𝜔𝜔21,𝑚𝑚𝑔𝑔(𝑘𝑘𝑡𝑡) −𝜔𝜔1 − 𝜔𝜔2��𝜔𝜔31,𝑛𝑛𝑔𝑔(𝑘𝑘𝑡𝑡) − 𝜔𝜔2�
𝑘𝑘𝑡𝑡𝑑𝑑𝑘𝑘𝑡𝑡 . 

It is strongly dependent on charge shift that clearly shows the advantages of  T2 

AQW structure, particularly advantageous for nearly-resonant optical rectification and 

difference frequency generation applications in the far IR and THz spectrum where 

powerful laser sources are not available.  

  

(43) 
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2.8  Comparison of 𝜒𝜒(2) in Different Types of Quantum Wells 
 

Three types of asymmetric quantum well structures have been compared to demonstrate 

the advantages of the type-II band alignment: (i) asymmetric coupled quantum well 

(ACQW), (ii) type-I asymmetric stepped quantum well (T1 ASQW), and (iii) type-II 

asymmetric quantum well (T2 AQW). The 𝜒𝜒(2) of each structure is product of the electric 

dipole moments and envelope wavefunction overlaps (numerator in Eq. 10), but also the 

transition frequencies 𝜔𝜔21,𝑚𝑚𝑔𝑔  (denominator in Eq. 10). To elucidate the differences 

between structures which are due solely to the quantum well potential profile, a two-step 

design process is undertaken. First, the well widths of a lattice-matched 

InP/Al0.38Ga0.10In0.52As T2 AQW are optimized to yield maximum 𝜒𝜒(2) for nearly-resonant 

optical rectification. Then, the well widths of a lattice-matched 

Al0.35Ga0.12In0.53As/Al0.48In0.52As ACQW and a Al0.27Ga0.20In0.53As/Al0.42Ga0.06In0.52As T1 

ASQW are selected to yield the same ground state interband transition frequency between 

the e1 and hh1 bound states. With equal interband transition frequencies, equal total well 

width of 10 nm, identical Al0.48In0.52As barriers, and approximately the same well material 

compositions, the three structures differ only in their potential profiles and envelope 

wavefunctions, permitting direct comparison of the T2 AQW to the previously studied 

ACQW and T1 ASQW structures.[55,56,90,91] 

 

FIG. 28 shows the �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) � and �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) � tensor elements as a function of T2 AQW well 

width asymmetry 𝑙𝑙1 (𝑙𝑙1 + 𝑙𝑙2)⁄  for nearly-resonant optical rectification (OR). The 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  

tensor is vanishingly small for nearly-resonant OR and is not shown. Nearly-resonant OR 
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is a simple application of interband resonance[47,59] to enhance 𝜒𝜒(2) where the input optical 

fields 𝜔𝜔1 and 𝜔𝜔2 are equal in magnitude and opposite in sign and are detuned slightly from 

the first interband resonance. Mathematically, nearly-resonant OR is described by 𝜔𝜔1 =

𝜔𝜔0 − 𝛿𝛿𝜔𝜔  and 𝜔𝜔2 = −𝜔𝜔1 , where 𝜔𝜔0  is the interband transition frequency and 𝛿𝛿𝜔𝜔  is a 

detuning energy. In the limit as 𝛿𝛿𝜔𝜔 approaches zero, full resonance is achieved. However, 

this results in large interband absorption and high loss.[47,59] Typical operation therefore 

utilizes small detuning 𝛿𝛿ℏ𝜔𝜔 of ~10-100 meV such that absorption losses are minimal, but 

the magnitude of 𝜒𝜒(2) is enhanced. The FIG. shows that 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  approaches a maximum at 𝑙𝑙1 

= 1.5 nm in the 𝑙𝑙1 + 𝑙𝑙2 = 10 nm wide well, corresponding to interband transition energy 

ℏ𝜔𝜔0 = 1.300 eV (954 nm) in the InP/Al0.38Ga0.10In0.52As well. 
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FIG. 28. Second order susceptibility tensor elements �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) � (blue curve) and �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) � (green 
line) as a function of the well width asymmetry 𝑙𝑙1 (𝑙𝑙1 + 𝑙𝑙2)⁄  in the InP / Al0.38Ga0.10In0.52As 
T2 AQW structure. The total well width 𝑙𝑙1 + 𝑙𝑙2 is held constant at 10 nm. Nearly-resonant 
optical rectification (OR) with 𝜔𝜔1 = 𝜔𝜔0 − 𝛿𝛿ℏ𝜔𝜔  and 𝜔𝜔2 = −𝜔𝜔1  is shown, where the 
transition frequency 𝜔𝜔1  is detuned by 𝛿𝛿ℏ𝜔𝜔  = 25 meV from the interband resonant 
transition frequency 𝜔𝜔0. The 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  tensor element reaches a maximum for 𝑙𝑙1 = 1.5 nm. [92] 
 

The well widths of an Al0.35Ga0.12In0.53As/Al0.48In0.52As ACQW and an 

Al0.27Ga0.20In0.53As / Al0.42Ga0.06In0.52As T1 ASQW lattice-matched to InP are selected to 

yield the same interband transition energy ℏ𝜔𝜔0  = 1.3 eV as in the T2 AQW structure 

optimized in FIG. 27. The resulting quantum well potential profiles are illustrated in FIG. 

29, along with the electron, heavy hole, and light hole envelope wavefunctions squared. 

FIG. 29(a) shows the ACQW structure with 𝑙𝑙1 = 2.6 nm, 𝑙𝑙𝑐𝑐 = 2.0 nm, and 𝑙𝑙2 = 5.4 nm. The 

ACQW design is similar to InGaAs / AlInAs structures previously studied for ISB second 

harmonic generation.[49,55,57] FIG. 29(a) shows the T1 ASQW structure with 𝑙𝑙1 = 1.8 nm 

and 𝑙𝑙2 = 8.2 nm. Fig. 3c shows the T2 AQW structure with 𝑙𝑙1 = 1.5 nm and 𝑙𝑙2 = 8.5 nm. 

The first two electron, first two heavy hole, and first light hole bound states are calculated. 
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FIG. 29. Schematic layer structure of band offsets and envelope wavefunctions squared for 
(a) ACQW structure, (b) T1 ASQW structure, and (c) T2 AQW structure. All three 
quantum well structures are lattice-matched to InP with a ground state e1 – hh1 transition 
energy of 1.300 eV. [92] 
 

The transition energies, envelope wavefunction overlap, interband transition dipole 

matrix element, and interband charge shift are shown in Table 3 for each interband 

transition in the three AQWs. The six interband transition energies between electron and 

hole states are nearly identical for the three AQWs and differ by less than -0.2/+1.9% from 

the T2 AQW structure. Likewise, the interband dipole matrix elements vary within +1.2/-

1.5% of the T2 AQW structure, a consequence of the similar effective masses and Kane 

potentials for the well materials. The structures differ significantly in their envelope 

wavefunction overlaps, however, with both ACQW and T1 ASQW structures exhibiting 

nearly unity overlap between the e1 - hh1, e1 - lh1, and e2 – hh2 states, and small overlap 

between the other states. In contrast, the T2 AQW exhibits moderate overlap between all 

quantum confined states. The T1 and T2 structures also differ greatly in the charge shift  

∆𝑧𝑧12,𝑔𝑔𝑚𝑚. Most importantly, the T2 AQW exhibits large ∆𝑧𝑧12,𝑔𝑔𝑚𝑚 between the e1 – hh1 and 

e1 – lh1 states, whereas ∆𝑧𝑧12,𝑔𝑔𝑚𝑚 between the first quantum-confined states is minimal in 

the T1 ASQW and ACQW. This is evident in Fig. 29 where the 1st electron and hole bound 

states are observed to be confined within the same well layer for the ACQW and T1 ASQW 
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structures but are spatially separated across the two well layers in the T2 AQW structure. 

Additionally, the sign of ∆𝑧𝑧12,𝑔𝑔𝑚𝑚 is the same for each interband transition in the T2 AQW 

and the electric dipoles sum constructively, in contrast to the T1 structures where the sign 

varies and cancellations occur. 

 

Structure Interband 
transition 

Transition 
energy, 
ℏ𝜔𝜔12,𝑔𝑔𝑚𝑚 

(eV) 

Envelope 
wavefunction 

overlap, 
�𝜓𝜓𝑐𝑐1,𝑔𝑔�𝜓𝜓𝑐𝑐2,𝑚𝑚� 

Interband 
dipole 
matrix 

element, 
�𝒙𝒙� ∙ 𝒓𝒓12,𝑔𝑔𝑚𝑚� 

(Å) 

Charge shift , 
∆𝑧𝑧12,𝑔𝑔𝑚𝑚 (nm) 

ACQW 
(Fig. 29a) 

e1 – hh1 1.300 0.993 5.01 -0.25 
e1 – lh1 1.307 0.971 2.88 0.61 

 e1 – hh2 1.315 0.097 4.96 4.98 
 e2 – hh1 1.354 -0.093 4.81 -4.83 
 e2 – lh1 1.362 0.173 2.76 -3.97 
 e2 – hh2 1.369 0.985 4.76 0.39 

T1 ASQW 
(Fig. 29b) 

e1 – hh1 1.298 0.984 4.98 0.27 
e1 – lh1 1.309 0.962 2.85 -0.49 

 e1 – hh2 1.325 -0.136 4.88 -5.36 
 e2 – hh1 1.367 0.093 4.73 5.80 
 e2 – lh1 1.378 -0.243 2.71 5.04 
 e2 – hh2 1.395 0.990 4.64 0.17 

T2 AQW 
(Fig. 29c) 

e1 – hh1 1.300 0.771 4.97 -3.94 
e1 – lh1 1.307 0.790 2.86 -4.53 

 e1 – hh2 1.315 0.337 4.90 -4.50 
 e2 – hh1 1.354 -0.617 4.78 -0.17 
 e2 – lh1 1.362 -0.598 2.75 -0.76 
 e2 – hh2 1.369 0.586 4.71 -0.73 

Table 3. Interband transition energies, envelope wavefunction overlap, interband dipole 
matrix elements, and difference of center of charge for the AQW structures shown in Fig. 
29. The first two electron, first two heavy hole, and first light hole bound states are 
considered[92]. 

 

From a practical point of view, the application of SHG makes little sense for mid IR 

due to the limited efficiency and availability of the powerful laser sources. Therefore, the 

interband 𝜒𝜒(2) tensor elements for the three AQW structures are only calculated for (a) 
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nearly-resonant OR, (b) singly-resonant difference frequency generation (DFG) at 25 THz 

(0.103 eV), and (c) doubly-resonant DFG near the e2 – e1 ISB transition. Singly-resonant 

DFG makes use of the large increase in 𝜒𝜒(2)  in interband type-II AQWs as the field 

frequency approaches the interband resonance and is suitable for the generation of THz 

radiation from a near-infrared pump laser.[93] The first field component (pump field) 𝜔𝜔1 is 

detuned slightly from the first interband resonant transition, and the second field 

component (output field) is held constant at 25 THz. Singly-resonant DFG can be described 

by 𝜔𝜔1 = 𝜔𝜔0 + 𝜔𝜔2 − 𝛿𝛿𝜔𝜔, where 𝜔𝜔0 is the interband transition frequency, 𝛿𝛿𝜔𝜔 is a detuning 

energy, and the output field component 𝜔𝜔2 = -25 THz is held fixed. Doubly-resonant DFG 

enhances 𝜒𝜒(2) further by placing the output field component 𝜔𝜔2 in resonance with an ISB 

transition;[56,95] e.g. the e2 – e1 transition. This relationship is expressed by 𝜔𝜔2 = −𝜔𝜔0,𝐼𝐼𝐼𝐼𝐼𝐼 

and 𝜔𝜔1 = 𝜔𝜔0,𝐼𝐼𝐼𝐼 + 𝜔𝜔2 − 𝛿𝛿𝜔𝜔 , where 𝜔𝜔0,𝐼𝐼𝐼𝐼𝐼𝐼  and 𝜔𝜔0,𝐼𝐼𝐼𝐼  are the ISB and IB transition 

frequencies, respectively. A constant detuning energy 𝛿𝛿ℏ𝜔𝜔  = 25 meV, broadening 

parameter ℏΓ = 5 meV, and mid-gap Fermi level 𝐸𝐸𝐹𝐹 = -0.1 eV is used in the calculation of 

𝜒𝜒(2) at room temperature, 300 K. 

 

FIG. 30 directly compares the IB 𝜒𝜒(2) tensor elements of the three AQW structures. 

The T2 AQW structure (green bars) exhibits enhanced 𝜒𝜒(2) in all applications except for 

the small 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor element for singly-resonant 25 THz DFG. In particular, the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  

tensor element is enhanced by approximately one order of magnitude in the T2 AQW vs 

the ACQW and T1 ASQW structures. The ACQW and T1 ASQW structures exhibit 

approximately equal 𝜒𝜒(2)  values which can be intuitively understood from their nearly 
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identical envelope wavefunction overlaps and dipole matrix elements shown in table 3. The 

enhancement of 𝜒𝜒(2) in the T2 AQW is a result of the large center of charge difference 

between the e1 – hh1 and e1 – lh1 states, in contrast to the ACQW and T1 ASQW structures 

with small separation of charge for the first quantum-confined states. The electron and hole 

envelope wavefunction peaks in the T2 AQW are confined in separate well layers at each 

subband; e.g. the e1 wavefunction is confined to the InP well while the hh1/lh1 

wavefunctions are confined to the AlGaInAs well. The spatial separation of the electron 

and hole wavefunctions within each subband contributes to a large interband electric dipole 

moment in the type-II aligned structure and thus increases the achievable 𝜒𝜒(2). This spatial 

separation of wavefunction peaks within each subband is absent in the type-I aligned 

structures where significant cancellations between inter- and intra-band transition dipole 

moments occur.[96] 

 

FIG. 30. Second order susceptibility tensor elements �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) �, �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) �, and �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) � for (a) 

nearly-resonant optical rectification, (b) singly-resonant difference frequency generation at 
25 THz (103 meV), and (c) doubly-resonant difference frequency generation at the e2 – e1 
ISB transition, all at a detuning energy 𝛿𝛿ℏ𝜔𝜔 = 25 meV.  
 

The 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor element in the T2 AQW (FIG. 29c) ranges from 180 to 1.60×103 pm/V 

and exceeds the values reported for an electrically biased GaAs / Al0.4Ga0.6As quantum 
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well with 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  ≈ 20 pm/V,[43] as wells as a type-I GaAs/AlGaAs AQWs with reported 

values[45] of ~1000 pm/V and a type-I GaAs/Al0.15Ga0.85As THz quantum cascade 

structure[98] operated near interband resonance with 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  ~450 pm/V. Conversely, the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  

in the AlGaInAs/AlInAs T1 ASQW (FIG. 28(b)) agrees well with the values reported 

GaAs/AlGaAs structures.[45,95] The interband 𝜒𝜒(2)  in the T2 AQW is enhanced by 1-2 

orders of magnitude over natural bulk crystals[96,97] such as LiNbO3 with 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  = 8.6 pm/V 

and 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  = 50.4 pm/V, KTP with 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  = 7.4 pm/V and 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  = 29.2 pm/V, or GaAs 

with𝜒𝜒𝑥𝑥𝑥𝑥𝑦𝑦
(2)  = 340 pm/V. 
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2.9 Optimization of 𝜒𝜒(2) in Type-II Asymmetric Quantum Wells 
 

The interband second order susceptibility can be further enhanced by optimizing the 

asymmetric quantum well widths and band offsets. The conduction band offset (∆𝐸𝐸𝑐𝑐2,𝑐𝑐1) 

and valence band offset (∆𝐸𝐸𝑣𝑣2,𝑣𝑣1) are defined in Eq. 44(a) and (b) such that ∆𝐸𝐸𝑐𝑐2,𝑐𝑐1 and 

∆𝐸𝐸𝑣𝑣2,𝑣𝑣1 are defined as step well band edges subtracted by the InP band edges. There should 

exist a global maximum (and numerous local maxima) in the 𝜒𝜒(2) tensor elements as 𝑙𝑙1 and 

∆𝐸𝐸𝑐𝑐2,𝑐𝑐1 and ∆𝐸𝐸𝑣𝑣2,𝑣𝑣1 are varied. To maintain the type-II band alignment, the conduction 

band offsets ∆𝐸𝐸𝑐𝑐2,𝑐𝑐1  varies from 0.025 to 0.250 eV (∆𝐸𝐸𝑐𝑐2,𝑐𝑐1 > 0), while valence band 

offsets  ∆𝐸𝐸𝑣𝑣2,𝑣𝑣1 varies from 0.180 to 0.300 eV ( ∆𝐸𝐸𝑣𝑣2,𝑣𝑣1 > 0), and the electron well width 

and 𝑙𝑙1 varies from 1 to 8 nm. The corresponding ground state e1 –  hh1 transition energy 

𝐸𝐸0 as a function of electron well width 𝑙𝑙1, conduction band offset ∆𝐸𝐸𝑐𝑐2,𝑐𝑐1, and valence band 

offset ∆𝐸𝐸𝑣𝑣2,𝑣𝑣1ranges from 1.180 to 1.377 eV, smaller than the bandgap of Al0.48In0.52As. 

This confirms that the e1 –  hh1 interband transition is confined within the quantum well. 

The ground state transition energies vary by less than 0.2 eV and therefore the influence of 

this variation on the magnitude of 𝜒𝜒(2) is minimal. 

∆𝐸𝐸𝑐𝑐2,𝑐𝑐1 = 𝐸𝐸𝑐𝑐2 − 𝐸𝐸𝑐𝑐1 (44a) 

∆𝐸𝐸𝑣𝑣2,𝑣𝑣1 =  𝐸𝐸𝑣𝑣2 − 𝐸𝐸𝑣𝑣1 (44b) 

The second order susceptibility tensor elements increase with narrower interband 

transition energies as seen in the denominator of Eq. 39. Therefore, a fair comparison of 

tensor elements between structures with varying interband transition energies can be 

achieved by normalizing the 𝜒𝜒(2) tensor values by the interband transition energies 𝐸𝐸0 =

ℏ(𝜔𝜔𝑒𝑒1 − 𝜔𝜔ℎℎ1). The resulting figures of merit �𝜒𝜒(2)� ∙ 𝐸𝐸0, FIG 31, has units of length∙ 𝑞𝑞 
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(picometers ∙ 𝑞𝑞 ).[92] With the parameters listed above, maximum normalized tensor 

elements �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) � ∙ 𝐸𝐸0  and �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2) � ∙ 𝐸𝐸0  are calculated for nearly-resonant OR (see Fig 31). 

Compared with the original T2 AQW design demonstrated in Fig. 28(c), the normalized 

𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor is again vanishingly small, but the normalized 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  and 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  are 

approximately 2~3 times larger. This optimization study of T2 AQW structures suggests 

that narrower electron and wider hole wells give larger second order susceptibility tensor 

elements than wider electron and narrower hole wells. Larger conduction band and valence 

band offsets tend to enhance the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor element but reduce the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥

(2)  tensor element. 

These general guidelines suggest that the optimum T2 AQW design will vary depending 

on the geometry of incident and extracted electric fields on a nonlinear optical device and 

thus the 𝜒𝜒(2) tensor element utilized. 
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FIG. 31. Normalized second order susceptibility tensor elements (a) �𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) � ∙ 𝐸𝐸0, and (b) 

�𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2) � ∙ 𝐸𝐸0  for nearly-resonant OR at constant detuning energy 𝛿𝛿ℏ𝜔𝜔  = 25 meV as a 

function of T2 AQW width 𝑙𝑙1 and band offsets ∆𝐸𝐸𝑐𝑐 and ∆𝐸𝐸𝑣𝑣. The optimized parameters 
for all three tensor elements are marked with red crosses which give the maximum 
normalized values.[92] 
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The resonant enhancement achieved by the interband nonlinearity is smaller than that 

achieved for intersubband nonlinearity with 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  up to ~105 pm/V demonstrated for second 

harmonic generation in type-I GaInAs/AlInAs ACQWs.[53] However, the IB nonlinearity 

has the advantage of engendering large off-diagonal 𝜒𝜒(2) tensor elements which enable 

nonlinear optical response to both s- and p-polarized electric fields, whereas the 𝜒𝜒𝑥𝑥𝑥𝑥𝑥𝑥
(2)  tensor 

for the ISB nonlinearity is only excited by electric fields polarized normal to the growth 

plane (s-polarization).[48,50,52,58] The IB nonlinearity enables additional geometries for 

quasi-phase matching and additional operating wavelengths for photonic devices that are 

inaccessible by the extensively studied ISB nonlinearity. 
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CHAPTER 3 

CdSe THIN FILM WITH MIXED ZINCBLENDE AND WURTZITE PHASES 

GROWN ON InAs USING MOLECULAR BEAM EPITAXY 

3.1 Molecular Beam Epitaxy of CdSe growth on InAs 
 

The CdSe thin films were grown by the II-VI MBE system, on (100) and (111)B-

oriented InAs substrates that are indium-mounted to Si wafers. The ZB InAs(111) crystal 

plane with an in-plane lattice constant of 4.28 Å is highly suitable as a substrate for the 

epitaxial growth of monocrystalline wurtzite CdSe, which has a lattice constant a = 4.30 

Å, making InAs an attractive choice due to its small lattice mismatch with the WZ phase 

is only -0.35%. [69] The substrate preparation, including oxide desorption and growth of a 

100 – 500 nm-thick As-terminated InAs buffer layer, is carried out in the III-V chamber, 

followed by transfer under ultrahigh-vacuum to the II-VI chamber for CdSe epitaxy. The 

InAs buffer layer growth proceeds at a temperature of 500 °C, flux ratio As/In = 5 for 1 

monolayers per/s monolayers per second (ML/s), and As/In = 20 for 0.12 monolayers per 

second (ML/s) on (100) and (111)B-oriented substrates, respectively. The substrate 

temperature for the CdSe growth is calibrated using an Ircon Modline 3 (model 3G-10C05) 

pyrometer, and ranges from 250 °C to 350 °C. Effusion cells containing elemental Cd and 

Se source materials enable their independent flux controls. The Cd/Se flux ratios range 

from 0.74 for Se-rich (Cd-limited) growth to 6.75 for Cd-rich (Se-limited) growth. The 

CdSe growth rate ranges from 0.14 to 0.84 ML/s. Reflection-high-energy electron 

diffraction (RHEED) monitors the surface reconstructions during the growth of the InAs 
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buffer layers and the bulk CdSe layers. Information about the samples and their growth 

conditions are summarized in Table 4. 

Sample 
number 

InAs 
substrate 

orientation 

CdSe growth 
temperature (°C) 

Cd/Se flux 
ratio 

CdSe 
growth rate 

(ML/s) 
1 (A1950) (100) 250 1.35 0.84 

2 (A1952) (111) 250 1.35 0.84 

3 (A1957) (111) 300 0.74 0.55 

4 (A1953) (111) 300 1.35 0.80 

5 (A1955) (111) 300 6.75 0.14 

6 (A1956) (111) 350 1.35 0.83 

Table 4. Summary of the CdSe samples and their growth conditions. 

 

The RHEED patterns for CdSe grown on InAs(111) at different stages are shown in 

Fig. 31. Prior to initiation of CdSe growth, the prepared InAs substrate exhibits a streaky 

1×1 surface reconstruction with four-fold symmetry, which is characteristic of an 

atomically-smooth ZB crystal surface. The 1×1 reconstruction is initially present during 

the CdSe layer growth (Fig. 32a), followed by the gradual appearance of doubled spots on 

the 1× streaks connected by Kikuchi lines (Fig. 32b). Finally, a complete transition to a 

spotty/streaky 1×1 surface reconstruction with six-fold symmetry appears (Fig. 32c), which 

is characteristic of a roughened wurtzite (0001) crystal surface.  

 
FIG. 32. RHEED patterns for CdSe grown on InAs(111) (a) at initiation of CdSe growth, 
(b) after 4 minutes of  CdSe growth, and (c) after 9 minutes of CdSe growth.  
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3.2 Structural and Optical Measurement of CdSe Thin Films 
 

 
 Scanning electron microscopy (SEM) images of the CdSe thin film samples are 

acquired using a Hitachi S-4700 field emission microscope at a beam-accelerating voltage 

of 15 kV. FIG. 32 shows cross-section SEM images of the CdSe thin films grown on 

InAs(100) and (111) substrates at different temperatures and with different Cd/Se flux 

ratios. CdSe thin film grown under Cd-rich conditions at 250 °C (Fig. 33a) on the InAs(100) 

substrate results in a high-quality with a well-defined interface between the CdSe layer and 

the underlying InAs buffer layer. CdSe grown under Cd-rich condition on InAs(111)B 

substrate at 250 °C (Fig. 33b) yields a relatively uniform thin film with an apparent phase 

transition after the first ~100 nm, which is indicated by the change in the cleavage plane. 

In contrast, CdSe grown under Cd-rich conditions at 350 °C (Fig. 33c) yields a rough with 

numerous polygonal crystallites on InAs buffer. CdSe grown on InAs(111)B under Se-rich 

conditions at 300 °C (as shown in Fig. 33d) yields nanocolumns with approximately 

hexagonal cross-sections, indicating the presence of wurtzite (WZ) crystal structure. These 

results reveal that the film morphology is strongly dependent on both the growth 

temperature and the Cd/Se flux ratio. 
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FIG. 33. Cross-section SEM images of CdSe thin films grown on InAs(100) and (111)B: 
(a) (100), 250 °C, Cd/Se flux ratio = 1.35, (b) (111), 250 °C, Cd/Se flux ratio = 1.35, (c) 
(111), 350 °C, Cd/Se flux ratio = 1.35, and (d) (111), 300 °C, Cd/Se flux ratio = 0.74.  The 
CdSe and InAs layers are labeled, and the interfaces are indicated with arrows. 
 

High-resolution coupled ω-2θ X-ray diffraction (XRD) scans of the (100) and (111) 

crystal planes are acquired using a Panalytical X’Pert Pro MRD triple-axis diffractometer, 

and are also simulated using the Panalytical X’Pert Epitaxy dynamical diffraction modeling 

program. A four-bounce hybrid monochromator provides Cu K-α illumination with 

wavelength λ = 1.5406 Å. The CdSe material parameters, including lattice constant, 

Poisson ratio, Debye-Waller factor, and X-ray scattering factors, are obtained from the 

literature[69,98-100]. FIG. 34(a) shows the ω-2θ XRD scan of (400) planes for the CdSe layers 

grown on InAs(100)-oriented substrates at 250 °C with Cd-rich growth condition. A 

distinguishable CdSe layer peak indicates the growth of ZB structure with lattice constant 
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𝑎𝑎0 = 6.077Å which matches previous reported lattice constant of ZB CdSe.[98,99] Coupled 

ω-2θ XRD scans of the (111) planes for CdSe layers grown on InAs(111)B-oriented 

substrates, as shown in Fig. 34(b), indicate primarily compressively strained material in 

agreement with the reported values for possible ZB and WZ lattice constants of the two 

phases.[69,99] Both samples are grown at 300 °C under Cd-rich conditions, and show 

pronounced epilayer peaks, which are attributed to the highly uniform film morphology 

and the presence of phase transition (Fig. 33(b)). However, the phases of the CdSe films 

cannot be easily identified due to the proximity of the ZB CdSe (111) peak with the WZ 

CdSe (0002) peak. The positions of the CdSe layer peaks and broad shoulders which are 

located in between the fully strained and fully relaxed CdSe angles possibly are attributed 

to the presence of mixed-phase CdSe. 

 
FIG. 34. Coupled ω-2θ scans of the (a) (400) and (b) (111) reflections for the CdSe layers 
grown on InAs (100) and (111)-oriented substrates, respectively. The simulation curves of 
fully strained and fully relaxed ZB and CdSe on InAs (111) substrate are plotted in (b). 
Vertical dashed lines are for clear indications of the Bragg angles for ZB InAs, fully 
strained and fully relaxed ZB CdSe, and fully strained and fully WZ CdSe. Sample 
numbers are labeled on each curve. 
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CdSe thin film cross-section samples suitable for TEM observation are prepared by 

gallium ion milling using a dual-beam Thermo Fisher Helios 5G UX system, initially at 

30keV with subsequent thinning at 5kV and 2kV to reduce the amount of surface damage. 

Electron micrographs were recorded with an image-corrected Thermo Fisher Titan 80-300 

operated at 300 kV. TEM and fast Fourier-transform (FFT) analyses are performed on (100) 

and (111)-oriented samples to accurately determine the phases of CdSe grown, as depicted 

in FIG. 35 showcasing TEM results for two of the as-grown CdSe thin films. FIG. 34(a) 

shows the TEM results of the CdSe layer grown on InAs (100) substates with occasional 

inclined (111)-type stacking faults, while its corresponding FFT patterns verify the ZB 

phase structure throughout the CdSe thin film. Numerous stacking faults are present in 

CdSe layers in FIG. 35(b), the corresponding Fast Fourier-transform (FFT) patterns for the 

[110] projection reveal mostly WZ phase, but patches of the ZB phase, which confirm the 

mixed-phase growth of the CdSe thin film, are also present. 

 
FIG. 35. TEM images and corresponding FFTs of bulk CdSe layers grown on (a) InAs(100) 
substrate at 250 °C, Cd/Se flux ratio of 1.35, and (b) InAs(111) at 300 °C, Cd/Se flux ratio 
of 6.75. *Image acquired by Dr. Martha McCartney and Dr. David Smith at ASU. 
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 PL spectroscopy measurements are acquired using a Horiba iHR 550 

monochromator equipped with a CCD detector and InGaAs array detector. A 532 nm CW 

diode laser is used for sample excitation. Optical properties of the CdSe thin films grown 

on different substrates under different conditions are characterized by using room-

temperature PL. As shown in Fig. 36, the PL peak of the CdSe thin film grown on (100) 

substrate is at 743 nm (1.67 eV) which is consistent with earlier research that proposed a 

ZB CdSe bandgap of 1.67 eV.[99] The peak position and the strong PL intensity further 

confirms the excellent crystal quality and monocrystalline of ZB CdSe grown on InAs (100) 

substrates. The PL peaks of CdSe thin films grown on (111)B substrates with a Cd/Se flux 

ratio of 1.35, are between 713 nm (1.74 eV) and 743 nm, which is due to the mixed phases 

of ZB and WZ present in the thin films. Thin films grown at higher temperatures exhibit 

stronger PL with peaks closer to 713 nm, which indicates better crystallization of the thin 

films and a dominant WZ-phase. The CdSe thin film grown at 350 °C exhibits almost the 

same PL peak wavelength as that grown via rapid thermal evaporation (RTE).[61] However, 

the full-width half-maximum (FWHM) of the PL peak is 46 nm, which is twice the value 

reported previously[61], indicating the mixture of WZ and ZB phases in the thin film. The 

CdSe thin film grown with a Cd/Se flux ratio of 6.75 demonstrates reduced PL intensity 

and longer peak wavelength in comparison to films grown with lower Cd/Se flux ratios. 

These are attributed to a higher defect density, along with the presence of significant ZB-

phase crystals, as confirmed by TEM observations shown in Fig 35(b). The PL spectrum 

of the CdSe thin film grown with a Cd/Se flux ratio of 0.74 is extremely broadened, which 

suggests a high density of defects and a mixture of different phases, as shown in Fig. 37.  
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FIG. 36. Room temperature PL spectra for CdSe layers grown on InAs(100) and (111) 
substrates. Substrates and growth conditions are indicated in the figure. Dashed lines 
indicate the PL peaks attributed to ZB and WZ CdSe at 743 nm and 713 nm, respectively. 
 

 
FIG. 37. Room temperature PL spectra for bulk CdSe layers grown on InAs(111)B 
substrates at 300 °C at Cd/Se flux ratio of 0.74. The extremely broadened PL spectrum 
suggests mixed phases and defects. 
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 Post-growth annealing on the CdSe thin film grown at 250 °C with a Cd/Se flux 

ratio of 1.35 is carried out to study phase transitions of the CdSe films. To protect the CdSe 

thin film, a 100-nm-thick SiNx layer is deposited onto the CdSe sample via plasma-

enhanced chemical vapor deposition (PECVD) at 250 °C prior to annealing. The sample is 

then loaded into a furnace to process annealing for 5 minutes. PL spectra of the CdSe thin 

film before and after annealing are shown in Fig. 38a. In the range from 300 °C to 400 °C, 

the CdSe thin films annealed at higher temperatures exhibit almost 3 times stronger PL 

peak intensity with peak wavelength closer to 713 nm, which is the wavelength of WZ 

CdSe. This trend is consistent with the relationship between PL performance and growth 

temperature shown in Fig. 36. However, annealing at 450 °C does not further increase the 

PL peak intensity, and the PL peak position blue-shifts past the recorded WZ CdSe 

wavelength, which is a result that we currently cannot explain. The relation between PL 

peak position, PL intensity and annealing temperature is shown in Fig. 39b.  

 The phase transition of CdSe crystals after annealing is further studied by TEM, 

as shown in Fig. 39. High-resolution TEM image and the corresponding FFTs confirm the 

WZ structure of the CdSe crystals after annealing at 450 °C. No sign of ZB structure is 

observed. The results of both PL and TEM characterizations reveal that CdSe crystals tend 

to become WZ phase at higher temperatures, which reduces the amount of mixed phase 

and thus reduces the boundaries between two different phases. This result also reveals that 

the ZB structure remains stable when the annealing temperature is elevated to 300 °C, 

indicating good thermal stability of the ZB phase below 400 °C, which is comparable to 

the value of 460 °C reported from the previous study of the ZB CdSe grown on GaAs.[100] 



  88 

Conversely, the WZ phase exhibits greater favorability and stability at elevated 

temperatures. 

 

 

FIG. 38. (a) Room-temperature PL spectra for bulk CdSe layers annealed at different 
conditions. Annealing temperatures are labeled on each curve. (b) Plot of PL peak position 
and PL intensity vs. annealing temperature.  
 

 
FIG. 39. TEM images of CdSe thin film grown at 250 °C at a Cd/Se flux ratio of 1.35 after 
450 °C annealing. *Image acquired by Dr. Martha McCartney and Dr. David Smith at 
ASU. 
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3.3 Density Functional Theory of Mixed Phases in CdSe 
 
 DFT simulations are used to elucidate the energy differences between the ZB and 

WZ phases for III-V systems, and to examine the orientation dependence of the interface 

energy for the WZ and ZB phases of CdSe on ZB InAs. All calculations are carried out 

using VASP[103,104] code and PAW-LDA (Ceperley-Alder based) pseudopotential[103] in the 

static lattice limit (no thermal or zero-point energy corrections). The local density 

approximation (LDA) is adopted since the corresponding static lattice parameters obtained 

from the generalized gradient approximation (GGA) either match or exceed the observed 

lattice constants even without the inclusion of thermal corrections. Convergence tolerances, 

number of planes waves and reciprocal lattice grids, are optimized to ensure high energy 

and structure convergence. Atomic positions and cell dimensions are all simultaneously 

optimized. 

 The coexistence of both ZB and WZ phases within compound semiconductor 

epitaxial thin films is uncommon. In order to elucidate the origin of mixed-phases observed 

in the CdSe growth on InAs(111)B substrates we therefore first compare the energy 

differences in bulk phases of III-V materials using DFT simulation. Table 5 provides a 

summary of structural parameters obtained for CdSe and several common III-V compound 

semiconductors GaN, InAs and GaAs, as well as the static lattice energy differences 

between the ZB and WZ phases. The energy difference between ZB and WZ CdSe (only a 

few meV per formula unit) is markedly smaller than and approximately only 20% of those 

for other common III-V compound semiconductors. This slight energy difference may in 

part account for the observed coexistence of the ZB and WZ phases within CdSe films.  
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 ZB WZ ∆𝐄𝐄𝟎𝟎(ZB-WZ) 

 a (Å) a(Å) c (Å) (meV) 

CdSe 
6.019 

(6.050)[100] 

4.256 

(4.299)[106] 

6.955 

(7.015)[106] 
3.4 

GaN 
4.453 

(4.503)[107] 

3.150 

(3.189)[108] 

5.136 

(5.185)[108] 
12.2 

InAs 
6.032 

(6.058)[102] 

4.254 

(4.274)[109] 

6.995 

(7.025)[109] 
15.5 

GaAs 
5.627 

(5.653)[110] 

3.865 

(3.898)[110] 

6.538 

(6.564)[110] 
22.1 

Table 5. Static lattice ground state structures of CdSe and some III-V systems, and the 
energy difference between their ZB and WZ phases. The values in the parenthesis are 
experimental values of the lattice constants.[55,100,106-110] *Values calculated by Dr. Andrew 
Chizmeshya at ASU. 
 
 Simulations of the interfaces corresponding to ZB CdSe (111) and WZ CdSe (0001) 

epilayers grown on ZB InAs(111)B were also carried out. These were studied using 64-

atom slabs in which the “top” and “bottom” half-slab portions each contains 32 atoms and 

thus one interface and two free surfaces. The in-plane dimensions of the supercells were 

fixed at the substrate (InAs) equilibrium values and all remaining spatial atomic positions 

were optimized. The various interfaces were simulated by selecting the group-III or group-

V atom species corresponding to “A” or “B” type surface termination, as well as the ZB 

(A-B-C-A-…) or WZ (A-B-A-B-…) type stacking sequence for the CdSe epilayer. In all 

cases, the calculations predict that A-B and B-A type interfaces (In-Se and As-Cd, 

respectively) are much more favorable than their A-A or B-B type (As-Se and In-Cd, 

respectively) counterparts. FIG. 40 shows the structures of the three lowest energy models 

containing As-Cd type interfaces with a common InAs(111)B substrate, either WZ or ZB 

B-type CdSe overlayers, and Cd-Se different stacking sequences. The lowest energy model 
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was found to be (c), consisting of CdSe(ZB) on InAs(ZB). The dashed red line in the figure 

circumscribes the common structure in models (b) and (c), Here, specifically, the InAs 

substrate portion and the first two layers of CdSe are identical but subsequent Cd-Se layers 

differ. The 1.0 meV per III-V pair energy differences between the two models originates 

in the bonding sequence of the last two layers. As shown in Table 5 (above), this energy 

difference is comparable to the formation energy of bulk ZB and WZ phases of CdSe. 

Finally, those interface calculations were repeated with defects (vacancies and group V-

atom exchange) in the interface layer and no change in relative energetics or ordering of 

the models shown in FIG. 40 was found. Full structural relaxation of the models in the 

presence of ±1% tensile/compressive basal strain slightly reduces the energy differences 

uniformly while preserving all trends.  

 

FIG. 40. The schematic models of CdSe layers on ZB InAs (111)B contain As-Cd bonded 
interfaces. The dashed red line indicates the interface and stacking sequence common to 
models (b) and (c). Energy differences between models are given in meV per formula unit 
(III-V pair). *Diagram generated by Dr. Andrew Chizmeshya at ASU. 
 
 Referring back to the ZB monocrystalline CdSe grown on InAs (100)B substrate, 

it remains evident that the CdSe epitaxial layers maintain interaction with the ZB substrate 
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and continue to align with its structural orientation throughout the growth process. Both 

the interfacial layer of atoms and the arrangement of the subsequent layer beneath play a 

crucial role in influencing and restricting initiation of the uppermost epitaxial layers. The 

CdSe layers grown on InAs(111)B substrates are expected to conform to the same 

underlying physical principle, leading to the adoption of a ZB (111) structural orientation 

in the epitaxial layers. However, this anticipated behavior is challenged by the relatively 

minor energy difference in formation between ZB and WZ CdSe, which poses a unique 

complication.  
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

4.1 Conclusion 

 A dual-band short- and mid-wavelength infrared optically-addressed 

photodetector based on type-II InAs/InAsxSb1-x superlattices and GaSb is designed, 

simulated, and grown by molecular beam epitaxy. High-resolution x-ray diffraction and 

photoluminescence measurements indicate the active layers are of excellent crystalline 

quality and exhibit first-rate optical performance. Additionally, secondary ion mass 

spectrometry measurements confirm Te and Be doping levels in GaSb and the T2SL layers 

up to the level which are mandatory for the device fabrication. The design and fabrication 

of optically-addressed tri-band IR detectors extended to long-wavelength infrared is 

theoretically examined. An analytical model is developed and utilized for the design and 

simulation of luminescence coupling and light leakage effects in optically-addressed tri-

band photodetectors. A method to reduce crosstalk is identified by increasing the absorber 

thickness and diminishing luminescence efficiency. The processing flow with innovative 

contact pads design and fabrication recipe have completed developed. Dark current, 

external quantum efficiency, and spectral responsivity measurements are identified as 

methods that will provide a comprehensive understanding of the device performance. 

Utilizing its physical property, asymmetric quantum wells with type-II band alignment 

exhibit enhanced interband second-order susceptibility 𝜒𝜒(2)  are compared with 

conventional type-I aligned structures. Direct comparison between type-I and type-II band 

alignment is accomplished by designing structures with identical total well width of 10 nm 

and interband transition energy of 1.3 eV using the lattice-matched InP/AlInAs/AlGaInAs 
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materials system. Further optimization of the type-II asymmetric quantum well width, 

conduction band offset, and valence band offset identifies global maxima in 𝜒𝜒(2)  for 

nearly-resonant optical rectification. The optimization study suggests that comparatively 

narrow electron well widths and large valence band offset between electron and hole wells 

are key to achieving high interband 𝜒𝜒(2). The 𝜒𝜒(2) enhancement is a result of the spatial 

separation between electron and hole wavefunction peaks into separate well layers in the 

type-II structure. The separation of electron and hole wavefunctions within each subband 

results in larger electric dipole moments than can be achieved in type-I aligned structures. 

Additionally, operation near the interband resonance at a suitable detuning energy of 25 

meV greatly enhances 𝜒𝜒(2) by 1-2 orders of magnitude over natural bulk crystals such as 

LiNbO3, KTP, or GaAs. The InP/AlGaInAs type-II asymmetric quantum well is composed 

of mature III-V compound semiconductor materials which can be grown by standard 

techniques such as MBE or CVD. These properties recommend type-II asymmetric 

quantum wells for future ultra-compact on-chip integrated photonics. 

The molecular beam epitaxy growth of II-VI CdSe thin films on III-V InAs(100) and 

(111)B substrates is investigated. The transition of RHEED pattern during the CdSe growth 

on InAs(111)B substrates reveals 3D island growth which is consistent with observed 

scanning electron microscopy results. Photoluminescence, X-ray diffraction, and 

transmission electron microscopy measurements indicate that the optical and structural 

properties of the CdSe films are strongly dependent on substrate orientation, growth 

temperature, and the Cd/Se flux ratio. The epitaxial material grown on the (111)B substrate 

displays the coexistence of ZB and WZ phases, as confirmed by XRD, TEM, and PL 

measurements. Only the single ZB phase is evident in the material grown on the (100) 
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substrate. DFT calculations reveal that the coexistence of ZB and WZ phases of CdSe on 

InAs(111)B is due to their small formation energy difference and the similar energies of 

their interfacial bonding sequence. Annealing experiments demonstrate a phase transition 

in CdSe crystals, shifting from a ZB to a WZ structure at elevated temperatures. No obvious 

ZB phase CdSe is observed in the annealed sample by TEM and its corresponding FFT. 
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4.2  Future Work 

The dual-band short- and mid-wavelength infrared optically-addressed photodetector 

are currently in the process of fabrication with the primary aim of showcasing the 

operational principles of optical addressing. Work should continue on revising the structure 

design and fabricating optically-addressed tri-band IR detectors using GaSb and 

InAs/InAsSb type-II superlattices. Additionally, in the development of a tri-band device, 

several crucial steps need to be undertaken to ensure its performance and functionality. A 

more comprehensive model will need to be created to account for all noise sources inherent 

in the device, including shot noise, Johnson/thermal noise, and 1/f noise. Additional 

modeling will help in understanding and quantifying the noise characteristics of the device. 

Secondly, the noise equivalent power (NEP) and specific detectivity (D*) of the triple-band 

device will be modeled. The results should be compared with the background-limited 

performance, ensuring that the device meets or exceeds the minimum sensitivity required 

for its intended applications. Lastly, the impact of parasitic absorption caused by bias 

illumination on the NEP and specific detectivity for each band should be assessed to 

optimize the device's performance under various operating conditions. A novel design that 

uses both PIN and nBn structures, and a combined polarity and optical addressing for a tri-

band photodetector whose major advantage of this design is that it needs only one LED 

can be attempted in the future. 

Future research needs to focus on refining the MBE growth parameters to achieve 

monocrystalline WZ CdSe thin films, aimed at enhancing their suitability for solar cell 

applications. The MgCdSe/CdSe double-heterostructure can be further developed to 

demonstrate the complete device with expected high VOC and external quantum efficiency. 
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