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Abstract 

     Short wavelength infrared (SWIR) and mid wavelength infrared (MWIR) 

photodetectors have applications in areas such as chemical sensing, gas monitoring, 

medical diagnostics, infrared imaging and free-space communications. Mercury 

Cadmium Telluride (HgCdTe) is the predominant material system used in SWIR, MWIR 

and long wavelength infrared (LWIR) applications. However, HgCdTe often suffers from 

poor material uniformity and low yield. Comparable performance can be achieved on 

GaSb substrates with high quality InAs/GaSb strained-layer superlattices, but significant 

cooling is required to achieve high detectivity performance.  

     Indium Phosphide (InP) based InGaAs/GaAsSb type-II quantum wells photodiodes 

are the promising candidates for the detection in SWIR and MWIR region, especially at 

room temperature. These photodiodes can take advantage of mature material and device 

technology of InP material system. In this dissertation, I study these InP based type-II 

quantum wells photodiodes theoretically and experimentally. Six-band k·p modeling was 

used to design these type-II quantum well structures. It is found that in order to maximize 

the transition wavelength and wave function overlap under strain compensated condition, 

the thickness of the InGaAs layer should be larger than that of the GaAsSb layer, and the 

GaAsSb layer should be compressively strained, while InGaAs layer should be tensile 

strained. Both lattice matched and conventional strain compensated type-II quantum 

wells photodiodes are designed and studied experimentally in this dissertation. How the 

performance of these type-II photodiodes changes as the detection wavelength increases 

is studied by comparing the performance of both photodiodes. The research has shown 

that the device with 100 pairs of 7nm In0.34Ga0.66As/5nm GaAs0.25Sb0.75 strain 



ii 
 

compensated type-II quantum wells absorption region has an optical response out to 

3.2µm, while the device with 100 pairs of 7nm In0.53Ga0.47As/5nm GaAs0.5Sb0.5 lattice 

matched type-II QWs absorption region has an optical response out to 2.7µm. The strain 

compensated devices show detectivities of 1.4×10
9
cm·Hz

1/2
·W

-1 
at λ=2.7m at 290K and 

1.5×10
10

cm·Hz
1/2

·W
-1

 at 200K. For λ=3.0m, the detectivity D* is 2.0×10
8
 cm·Hz

1/2
·W

-1 

at 290K and increases to 1.0×10
9
 cm·Hz

1/2
·W

-1 
at 200K. They are the first 3µm results 

demonstrated on InP substrate, using interband transition without lattice mismatch layers. 

     Moreover, in order to further extend the detection wavelength, the new strain 

compensated InGaAs/GaAsSb QWs PIN photodiode is studied, which can lead to much 

longer detection wavelengths for similar GaAsSb compositions based on the modeling. 

This new strain compensation concept is demonstrated experimentally to have a cut-off 

wavelength similar to that of conventional strain compensated sample but with lower Sb 

composition in the GaAsSb layer. In addition, the carrier transport mechanism in the 

type-II quantum wells is studied in order to improve the carrier collection efficiency, and 

it is found that the thermionic emission is the dominant way for the photo generated 

electrons to get out of the quantum wells.  
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Chapter 1: Introduction 

     Infrared (IR) radiation is the electromagnetic waves with wavelength extending from 

the red edge of the visible spectrum at 750 nanometers (nm) to 300 micrometers (µm) as 

shown in Figure 1.1 [1]. This range of wavelengths corresponds to the photon energy 

ranging from 1.24 milli-electron volts (meV) to 1.7 electron volts (eV), and includes most 

of the thermal radiation emitted by objects at room temperature. The existence of infrared 

radiation was first discovered by William Herschel [2], who found infrared radiation in 

sunlight by passing the light through a prism and holding a thermometer beyond the red 

end of the visible spectrum.  

 

Figure 1.1 The electromagnetic spectrum. This figure is taken from Reference [1] 
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     The spectral regions of infrared radiation include the near infrared (NIR, 0.75-1.6µm), 

short wavelength infrared (SWIR, 1.6-3µm), mid wavelength infrared (MWIR, 3-8µm), 

long wavelength infrared (LWIR, 8-15µm) and far infrared (15-300µm).  Each infrared 

spectral region can be used for different applications. For example, NIR is commonly 

used in fiber optical telecommunication because of low optical attenuation losses in the 

silica medium[3, 4], while LWIR can be used for thermal imaging [5, 6]. SWIR and 

MWIR infrared radiation also have many applications in various areas [7-18], which will 

be discussed below. In this dissertation, I will mainly focus on the SWIR and MWIR 

regions. 

      The high atmospheric transmission in MWIR region (shown in Figure 1.2 [19]) 

makes these wavelengths attractive for ground-based astronomical observations and 

imaging [20]. Moreover, organic compounds often have vibrational energies located in 

the SWIR and MWIR regions, and many chemical compounds such as nitrous oxide 

(N2O), ammonia (NH3), methane (CH4) and carbon dioxide (CO2), also have absorption 

line in the SWIR and MWIR regions [15, 18]. As a result, these two infrared regions are 

essential in applications such as gas sensing, sample composition analysis and 

environmental control. Non-invasive blood glucose determination and biomedical 

imaging [7, 10-12, 21] are examples of the medical diagnostic applications of SWIR and 

MWIR light. Therefore, SWIR and MWIR photodetectors with good performance are 

highly desirable, which have inspired significant research in this field.  

.  
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Figure 1.2 Transmission of the atmospheric gases in the infrared region. This figure is taken from 

Reference [19] 

 

     The requirements of a good photodetector include high sensitivity, low dark current, 

low noise, and high operating temperature, ideally close to room temperature. Mercury 

Cadmium Telluride (HgCdTe) is the predominant material system used in SWIR, MWIR 

and LWIR applications [22-26]. However, the HgCdTe material system often suffers 

from poor material uniformity, difficult material growth, device instability, high cost and 

low yield [27]. The lack of uniformity also degrades the performance of focal plane 

arrays. These disadvantages of HgCdTe photodetectors have led to research efforts 

investigating alternative technologies, such as quantum well infrared photodetectors [28], 

quantum dot infrared photodetectors (QDIPs) [29-31] and InAs/GaSb type-II super-

lattices photodetectors [32, 33]. However, photodetectors using these alternative 

technologies also have their own shortcomings, which will be investigated in the next 

chapter.   
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      InP based Photodiodes with InGaAs/GaAsSb type-II quantum wells absorption regions 

are promising candidates for SWIR and MWIR detection, especially at operating 

temperatures close to ambient [34]. These devices can benefit from the mature InP 

material and device technologies. Unlike In-rich lattice mismatched InGaAs on InP 

substrate, the generation of crystal defects by lattice mismatch can be eliminated in this 

material system, since these quantum well structures can be grown on InP substrate using 

lattice matched or strain compensated materials. Therefore, low dark currents can be 

expected for those devices.  

      The goal of this study is to exploit the advantages of the InP based type-II quantum 

wells photodiodes for high performance SWIR and MWIR detectors at high operating 

temperatures (≥200 K) where devices can be operated uncooled or with a thermoelectric 

cooler. In this dissertation, the performance of the InP based type-II quantum wells PIN 

photodiodes for SWIR and MWIR detection will be studied.  

    The dissertation is organized as follows: Chapter 2 will discuss the alternative 

technologies of infrared photodetectors and introduce the approach that I have pursued: 

InGaAs/GaAsSb type-II quantum wells on InP substrates. In Chapter 3, I will discuss the 

design of InGaAs/GaAsSb type-II quantum wells structures in order to achieve good 

photodetector performance. Additionally, the k·p method, as the theoretical foundation 

for designing quantum well structure, will be introduced in Chapter 3 as well. Next in 

Chapter 4, the various figures of merits (dark current, quantum efficiency, dark noise, 

specific detectivity, etc.) used to qualify SWIR and MWIR photodiode performance will 

be discussed. Then in Chapter 5, I will focus on the experimental performance of three 

different designs of InGaAs/GaAsSb type-II quantum well photodiodes on InP substrate. 
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The results of electrical and optical characterization will be reported, and various 

performance-related issues will be discussed. In Chapter 6, the carrier dynamics of 

InGaAs/GaAsSb type-II quantum well structures will be studied, in order to improve the 

carrier collection efficiency. Finally, Chapter 7 will summarize the major 

accomplishments and discuss potential research areas that can be further looked upon and 

implemented to improve the performance of InP based photodetectors with SWIR and 

MWIR response.  
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Chapter 2: Overview of Infrared Semiconductor 

Detectors 

2.1  Introduction 

      In April of 1800, William Herschel wrote, “Thermometer No.1 rose 7 degrees in 10 

minutes by an exposure to the full red coloured rays, I drew back the stand…thermometer 

No. 1 rose in 16 minutes, 8.75 degrees when its centre was ½ inch out of the visible 

rays.”, which demonstrated the existence of radiation beyond the red end of the visible 

spectrum [2]. Later, it was discovered experimentally that every object emits radiation 

with a range of wavelengths that depends on the temperature of that specific object. The 

relationship between temperature and the spectrum distribution of emission wavelengths 

was first described accurately and empirically by Max Planck in 1900 [35]. 

     The thermometers William Herschel used were a primitive type of infrared detector. 

In the remaining sections of this chapter, I describe several different material systems and 

technologies for infrared detection. 

2.2  Types of Infrared Detectors  

      Infrared detectors are generally classified into thermal and photon detectors. Both 

types of detectors respond to absorbed photons, but have different response mechanisms, 

which then lead to variations in performance related to speed, spectral responsivity, 

specific detectivity and operation temperature. These figures of merit will be discussed in 

detail in Chapter 4. Figure 2.1 shows the specific detectivity (a measure of photodetector 

sensitivity) versus wavelength for a number of commercially available IR detectors, 
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along with their respective operating temperature. Detailed information on the different 

infrared detector technologies is available in reference [36-39].  

 

Figure 2.1 Detectivites of various infrared detectors at different operating temperatures. This figure 

is taken from Reference [39] 

 

2.2.1 Thermal Detectors 

      In thermal detectors, the incident radiation is absorbed to change the material’s 

temperature, and the temperature change can be measured by some temperature 

dependent mechanisms, such as thermoelectric voltage, resistance and pyroelectric 

voltage [36]. Usually, the output signal of a thermal detector does not depend on the 

photonic nature of the incident radiation. Therefore, the response is generally wavelength 

independent; the signal depends upon the radiant power but not its spectral content. This 

is based on the assumption that the mechanism of the absorption of the radiation itself is 

wavelength independent, which may not be true in certain instances. Examples of thermal 
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detectors include thermopiles, resistive bolometers and pyroelectric detectors. Thermal 

detectors are usually light in weight, rugged, reliable, and low in cost. Moreover, thermal 

detectors have the advantage of room temperature operation. However, these detectors 

are slow (response times on the order of ms), and less sensitive at high frequencies [36]. 

2.2.2 Photon Detectors 

    The disadvantages of thermal detectors have driven research and development efforts 

into alternative infrared detection systems, namely photodetectors based on 

semiconductor materials. The photon detectors generally respond to incident radiation on 

an electronic level. It is not necessary to heat the entire device as thermal detectors, so 

photon detectors are much faster than thermal detectors. There are two basic forms of 

semiconductor photodetectors: photoconductive (PC) and photovoltaic (PV) detectors. 

Photoconductive detectors are made of materials with low conductivity. The conductivity 

increases with incident radiation intensity because of the photo generated carriers, and 

this leads to an increased current when voltage is applied across the detector. 

Photovoltaic detectors are diodes that produce a voltage across the terminals when 

photons are absorbed; the potential difference due to light illumination can cause current 

flow proportional to incoming light intensity. 

2.3  Material Systems for MWIR Photodetector 

     Different semiconductor materials, including the group-IV, III-V compounds, II-VI 

compounds and IV-VI compounds, have been used to make different types of 

photodetectors. Figure 2.2 shows the band gap versus lattice constant diagram for the III-

V and the II-VII material systems. A brief description of the primary material systems 
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and detector technologies used for MWIR detection will be presented in the following 

section. 

 

Figure 2.2 Band gap versus lattice-constant of III-V and II-VI materials. This figure is taken from 

Reference [40] 

 

2.3.1 IV-VI material systems 

     The lead-chalcogenide materials (PbS, PbSe, PbSnTe) were used as infrared detectors 

from late 1960s until mid 1970s. These materials are easier to prepare and more stable 

compared to HgCdTe detector (discussed in the next section). However, they suffer from 

two significant drawbacks [36]. First, they have very large relative permittivity 

depending on temperature and illumination, which will result in high diode capacitance 

and thus limited frequency response. The other drawback is their high thermal coefficient 

of expansion, which limits their applicability in hybrid configurations with silicon 

multiplexers  [36].  
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2.3.2 II-VI material systems 

       HgCdTe is one of the most developed materials used as infrared detectors. The band 

gap of (HgTe)x(CdTe)1-x alloys can be tailored from 1µm to 30µm by changing the 

composition [25, 41]. HgCdTe photodetectors absorb the IR radiation across the 

fundamental energy gap, and have high quantum efficiency due the large optical 

absorption coefficient. These detectors also have relatively low thermal generation-

combination rate which results in a higher operation temperature compared to other 

approaches. 

      However, HgCdTe has serious technological problems in mass production due to its 

weak Hg-Te bond [41]. Moreover, HgCdTe detectors suffer from poor material 

uniformity, low yield, high cost in growth and processing, and surface instability [27, 41]. 

These material difficulties have made it necessary to examine the performance of 

alternative material systems. 

2.3.3 GaAs and InP Based QWIPs and QDIPs 

     Quantum well infrared photodetectors (QWIPs) and quantum dot infrared 

photodetectors (QDIPs) use inter-subband (intra-band) absorption mechanism involving 

transitions within the same band, rather than inter-band absorption, which involves 

transitions between the conduction and valence bands [42]. Figure 2.3 compares the inter-

band and intra-band transitions. Unlike the inter-band transitions, the quantum wells or 

quantum dots must be doped to make the inter-subband transition possible. The infrared 

absorption mechanism involves the transition of an electron (or hole) from the doped 

quantum well or quantum dot ground state in the conduction (or valence) band to an 

unoccupied excited state in the same band.  
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Figure 2.3 Comparisons between inter-band and inter-subband transitions 

     QWIPs have the advantages of mature material growth and processing technologies, 

which lead to high uniformity and excellent reproducibility [5, 6, 28, 43]. A disadvantage 

for QWIPs is low quantum efficiency. For n-doped QWIPs, normal incidence absorption 

is forbidden, due to the quantum mechanical selection rule in the Γ-symmetry conduction 

band [28, 42]. An efficient optical coupling scheme (e.g., using diffraction gratings or 

random gratings) is required for normal incidence detection [28]. This problem can be 

partially solved by using p-doped QWIPs [42, 44-46], since the strong mixing between 

the light and heavy holes in the valence band at k≠0, permits normal-incidence absorption. 

However, the quantum efficiency of p-doped QWIPs is low [45]. Furthermore, the inter-

subband lifetimes in both n-doped QWIP and p-doped QWIP detectors are inherently 

short (about 10ps), which result in relatively poor performance at temperatures > 70K,  

when thermal generated carriers dominate over optically generated carriers [47]. 

     QDIPs [29-31], whose active regions are composed of quantum dot layers separated 

by barriers, show a number of potential advantages over QWIPs. First, the inter-subband 
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absorption is allowed at normal incidence [42]. Due to three-dimensional (3D) 

confinement of the electrons, normal incident transitions are strong in QDIPs. Second, 

the thermal generation rate in QDIPs is smaller than that in QWIPs due to the energy 

quantization in all three dimensions.  Phonon assisted scattering is less likely to occur 

because it is difficult for the energy level spacing of a quantum dot to be equal to that of 

the phonon [48]. This prohibition does not apply to the quantum wells, since the levels 

are quantized only in the growth direction and a continuum already exists in the other two 

directions. Therefore, the dark current of QDIPs is expected to be lower than that of 

QWIPs and bulk detectors such as HgCdTe. However, the design and growth of quantum 

dots is complicated and challenging in order to achieve the expected performance. 

Experimentally, operation of most QDIPs requires cryogenic cooling to lower the 

temperature [30]. 

2.3.4 InSb and InAs Based Photodetectors 

     InSb is the narrowest band gap III-V binary material. Bulk InSb based device with a 

cut-off wavelength around 5µm is another option for MWIR detection, since it can 

provide higher uniformity than HgCdTe. However, the dark current performance of InSb 

based photodiode degrades significantly at room temperature [49], whereas, better 

performance can be obtained from HgCdTe photodetectors [36]. InAs is similar to InSb, 

but has a larger energy band gap, so the cut-off wavelength is shorter (around 3.6µm). 

The dark current performance of InAs based photodiode also degrades significantly at 

room temperature [50]. Moreover, for imaging applications, InAs based photodiodes 

require the substrate to be thinned for post hybridization to a readout integrated circuit, 

which is a low yield and cumbersome process. 
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2.3.5 InAs/GaInSb Type-II Superlattice Photodiodes 

      InAs/GaInSb Type-II superlattices (SLSs) were first proposed by Esaki et al. in 1970s 

[51]. The conduction band of the InAs layer resides around 0.1eV below the valance band 

of the GaSb layer at 300K, as shown in Figure 2.4 [52, 53]. In these superlattices, the 

electrons are confined in the InAs quantum wells, while the holes are confined in the 

GaSb quantum wells. This spatial separation of the electrons and holes results in type-II 

band alignment. When the thickness of the individual layers is thin enough, electrons and 

holes in the adjacent wells interact, resulting in a continuous energy state across different 

wells in the superlattice. The absorption cut-off wavelength of these SLS structures can 

be tuned from 2µm to 30µm by changing the layer thicknesses [54-59]. This is 

advantageous at long wavelengths when the growth of bulk HgCdTe becomes extremely 

difficult due to the sensitivity of the material band gap to cadmium (Cd) composition, and 

the change of absorption wavelength in InAs-GaInSb material systems is less sensitive to 

the thickness and composition of each layer. The SLSs material system is considered as 

an alternative candidate for new generation IR detectors.  

 

Figure 2.4 Energy bands of type II indium arsenide/gallium antimonide (InAs/GaSb) superlattices 

(T2SLs). (a) Spatial band alignment in T2SL (red regions represent InAs forbidden gap and green 

regions represent GaSb forbidden gap). (b) Band structure with direct band gap and absorption 

process in reciprocal space (k-space). E1: First conduction band level. HH1: First heavy hole 

(positive charge carrier) level. LH1: First light hole level. Eg: Energy gap. This figure is taken from 

Reference [52] 



14 
 

 

      Despite the hopeful outlook, InAs/GaInSb material system is still in the early stage of 

development. The material growth and device processing are immature compared to that 

of GaAs and InP based technologies. High performance operation is still limited to 

temperatures below 200K [60, 61]. 

2.3.6 InP Based Photodiodes 

     InP based materials have traditionally been used to make high performance photonics 

devices in the 1.1µm-1.6µm wavelength range. These devices enjoy mature InP substrate 

fabrication and epitaxial growth technology which can be manufactured on large 

diameter (4-inch) wafer with very low etch pit densities (< 100 defects/cm
2
). Using a 

direct band gap (type-I) absorber (In0.53Ga0.47As lattice matched to InP) leads to devices 

which have a cut-off wavelength of 1.65 µm, with a very low dark current density of 

1.4nA/cm
2
 at room temperature [62].  

     Different technologies have been investigated to extend the detection wavelength 

beyond that of lattice matched In0.53Ga0.47As. The quaternary material system, InGaAsN 

lattice matched to InP substrates, whose band gap reduces as a small fraction of nitrogen 

is incorporated, is one of the candidates for light absorption layer of such photodiodes 

[63-66]. However, the growth of InGaAsN is challenging and still in the early stage of 

development [63, 64, 67]. Highly strained InxGa1-xAs(x>0.53) quantum wells can also be 

used for longer wavelength detection [68, 69]. However, it is difficult to further extend 

the detection wavelength beyond 2µm using this approach due to the lattice mismatch 

issue [70]. Longer wavelength absorption up to 2.9 µm can be achieved using 

mismatched InGaAs on a relaxed buffer layer [71]. Hamamatsu sells an uncooled InGaAs 
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relaxed device with a maximum detection wavelength of 2.6 µm, dark current density 

between 0.6 and 5 mA/cm
2
 depending on device area, responsivity around 1.3 A/W, and 

a specific detectivity of 5×10
10

 cm·Hz
1/2

·W
-1

 [72]. However, these devices suffer from 

crystal defects that propagate into the active region and leads to high dark currents and 

low yield for array type device fabrication. Figure 2.5 shows the comparative room 

temperature performance of various InP based photodiodes [36]. 

 

Figure 2.5 Performance comparison of different InP based InxGa1-xAs photodiodes. This figure is 

taken from Reference [36] 

 

 

 



16 
 

2.4 Type-II Quantum Wells on InP Substrate 

      In this dissertation, the InGaAs/GaAsSb type-II quantum wells structures are used for 

SWIR and MWIR detection. A study of the band-offsets of InGaAs and GaAsSb shows 

that these materials have a type-II band alignment [73-76]. The type-II band alignment of 

InGaAs/GaAsSb quantum wells is similar to that of InAs/GaSb SLSs, but for detector 

applications, InGaAs/GaAsSb material systems are usually grown on an InP substrate for 

photodiodes applications, while InAs/GaSb material systems are grown on GaSb or InAs 

substrate. There are a number of advantages in using an InP substrate. These include 

mature device fabrication, material epi-growth, availability of high-quality 4-inch InP 

substrates and so on. Since these quantum wells structure can be grown on InP substrate 

using lattice matched or strain compensated materials, the generation of crystal defects by 

the lattice mismatch issue can be eliminated. Therefore, lower dark currents can be 

expected compared to the relaxed InGaAs device. 

      The difference between type-I and type-II band alignments are shown in Figure 2.6. 

In a type-I quantum well, the electron and holes are both confined in the same layer. The 

type-II quantum well can be called as “spatially indirect band gap” semiconductor, since 

the electrons are confined in one layer, while the holes are confined in a different layer. 

Here in the InGaAs/GaAsSb type-II quantum wells, electrons are confined in the InGaAs 

wells, while the holes are confined in the GaAsSb wells. The spatially-indirect type-II 

transition of InGaAs/GaAsSb quantum wells allows for longer wavelength absorption 

than that of both InGaAs and GaAsSb bulk materials.  
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       One disadvantage of the type-II quantum wells is a small electron-hole wave 

function overlap. Since a larger wave function overlap is desirable to achieve strong 

absorption, the electron-hole wave function overlap needs to be optimized [77, 78]. 

 

Figure 2.6 Band alignment of type-I and type-II quantum wells 

      Sidhu et. al. [34] initially demonstrated an InP based PIN photodiode using 150 pairs 

of lattice matched InGaAs/GaAsSb MQWs with a peak detectivity of 3.8×10
9
 

cm·Hz
0.5

W
-1

 at room temperature at 2.26m. And the peak type-II detectivity at 200K is 

5.6 ×10
10

 cm·Hz
0.5

W
-1

 at 2.17m. These values are plotted in Figure 2.7 to compare to 

the detectivity of various infrared detectors. Inada et. al. [79] used 250 pairs of the 

aforementioned quantum wells as the absorption region to achieve the responsivity 

0.6A/W at 2.2 µm with dark current density of 0.92mA/cm
2
. The InP based separate-

absorption-multiplication (SAM) APDs using lattice matched InGaAs/GaAsSb type-II 

quantum wells as the absorption region were also reported [80, 81].  
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Figure 2.7 Specific detectivity results of Sidhu's initial photodiodes compared to other infrared 

devices [36] 

 

      The goal of this work is to improve the performance of these InP based type-II 

quantum wells photodiodes, in terms of improving the detectivity performance and 

extending the detection wavelength. In my research, I have designed and fabricated 

several new photodiodes with InGaAs/GaAsSb type-II quantum wells as absorption 

region. These photodiodes show promising results for SWIR and MWIR detection at 

operating temperature appropriate for thermoelectric or uncooled operation. The design 

procedure and device characterization results will be presented in the following chapters.  
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Chapter 3: Design of InGaAs/GaAsSb Type-II 

Quantum Wells Structures 

3.1 Introduction 

      In order to engineer the optical and electronic properties of InGaAs/GaAsSb type-II 

quantum wells, the electronic band structure of the quantum wells structure must be 

known. In this chapter, I use the k·p method, known for calculating the band structure and 

optical properties of semiconductors, to model these type-II quantum wells.  

 

Figure 3.1 First Brillouin zone of FCC lattice showing symmetry labels for high symmetry lines and 

points. This figure is taken from Reference [82] 

 

     In the k·p method, the energy states are determined by expanding the wave functions 

in the vicinity of a high symmetry point of brillouin zone (such as Γ, Χ, L points as 



20 
 

shown in Figure 3.1) through the perturbation method [83]. Therefore, the k·p method is 

only accurate over a small k range near the local extreme point (such as k=0 for direct 

band gap semiconductor), but not necessarily accurate for the large k range. However, 

knowledge of the E-k relationship over a small k span is generally sufficient to determine 

the optical and electronic properties for direct band gap III-V compound semiconductors. 

3.2 The Six-band k·p Method 

         To model InGaAs/GaAsSb quantum wells with the k·p method, I applied the 

envelope function approximation to hetero-structures by allowing the material parameters 

to be functions of space. The detail of the envelope function approximation can be found 

in reference [83]. In short, differential equations are constructed to describe the electronic 

states in the quantum wells. For electrons in the conduction band, a single differential 

equation similar to the Schrödinger equation is constructed. For holes in the valence 

band, a more complicated system of coupled ordinary differential equations is used 

including the coupling between heavy holes, light holes and spin-orbit holes. A 6×6 

Hamiltonian in the envelope function space is used to describe the valence band structure, 

which includes the coupling between two heavy hole bands, two light hole bands and two 

spin-orbit hole bands (thus the name - six-band k·p method) [84, 85]. Moreover, four-

band k·p method [86] and eight-band k·p method [87, 88] have also been used to describe 

the electronic states in hetero-structures, where four-band k·p method only includes the 

coupling of heavy hole and light hole bands, and eight-band k·p method includes all the 

coupling between electrons, heavy holes, light holes and spin-orbit holes. Theoretically, 

eight-band k·p method is more accurate compared to six-band and four-band k·p methods 

especially for narrow band gap material such as InAs and InSb [89]. However, the eight-
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band k·p method can lead to spurious (unphysical) solutions in the envelope function 

calculation of confines states [90-94]. It is very difficult, sometimes even impossible, to 

discriminate the real physical states from the spurious states. This problem has become 

more than a numerical headache for researchers in the community for years. Even though 

different approaches have been proposed to eliminate the spurious solutions, it is still not 

effective to completely remove the spurious states and solve this problem [91-93]. Given 

that the band gap of the materials discussed in the dissertation are relatively large 

compared with InAs and InSb, I used the six-band k·p method to describe the 

InGaAs/GaAsSb type-II quantum wells. 

      In the six-band k·p method, the conduction band is usually characterized by a 

parabolic band model 

 
𝐻𝑐  𝒌 =  

ℏ2

2𝑚𝑒
  𝑘𝑡

2 + 𝑘𝑧
2 + 𝑉𝑒 𝑧 + 𝑎𝑐 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧   

 

(3.1)  

where k is wave vector, kt
2
 = kx

2
+ ky

2
, me is the electron effective mass, Ve(z) is the 

potential energy of the unstrained conduction band edge, ac is the conduction band 

hydrostatic deformation potential, and εxx, εyy,and εzz are the strain of epi-layer grown on 

the substrate. Here the conduction band non-parabolic effect [95] and anisotropic effect 

[96] are ignored. 

      The valence band structure is characterized by the six-band Hamiltonian in the 

envelope-function space including the coupling of heavy hole (hh), light hole (lh), and 

spin-orbit split-off (so) bands. Under axial approximation, it has been shown that the 6×6 

Hamiltonian can be transformed into a block-diagonalized Hamiltonian as follows[84, 

85]: 
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𝐻6×6
𝑣 (𝑘) = (

𝐻3×3
𝑈 0

0 𝐻3×3
𝐿 ) (3.2)  

 

Here H
U

3x3 and H
L

3x3 are represented as below: 
 

𝐻3×3
𝜎 = −

 

 
 
 
 
 
 
𝑃 + 𝑄 − 𝑉(𝑧) 𝑅𝑘 ± 𝑖𝑆𝑘  2𝑅𝑘 ±

𝑖

 2
𝑆𝑘

𝑅𝑘 ∓ 𝑖𝑆𝑘 𝑃 − 𝑄 − 𝑉(𝑧)  2𝑄 ± 𝑖 
3

2
𝑆𝑘

 2𝑄 ∓ 𝑖 
3

2
𝑆𝑘  2𝑅𝑘 ∓

𝑖

 2
𝑆𝑘 𝑃 + 𝛥 − 𝑉(𝑧)

)

 

 
 
 
 
 
 

 

 

And 𝜎 = 𝑈, 𝐿 

(3.3)  

where  
 𝑃 = 𝑃𝑘 + 𝑃𝜀  

𝑄 = 𝑄𝑘 + 𝑄𝜀  

𝑃𝑘 =  
ℏ2

2𝑚
 𝛾1 𝑘𝑡

2 + 𝑘𝑧
2  

𝑄𝑘 =  
ℏ2

2𝑚
 𝛾2 𝑘𝑡

2−2𝑘𝑧
2  

𝑆𝑘 =  
ℏ2

2𝑚
  3  

𝛾2 + 𝛾3

2
 𝑘𝑡

2  

𝑅𝑘 =  
ℏ2

2𝑚
 2 3𝛾3𝑘𝑡𝑘𝑧  

𝑃𝜀 = −𝑎𝑣 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧   

𝑄𝜀 = −
𝑏

2
 𝜀𝑥𝑥 + 𝜀𝑦𝑦 − 2𝜀𝑧𝑧   

(3.4)  

 

and where Vh(z) is the unstrained valence band edge; γ1, γ2 , and γ3 are the Luttinger 

parameters; av and b are the Bir-Pikus deformation potentials; and 𝜟(z) is the spin-orbit 

split-off energy, and εxx, εyy,and εzz are the strain of epi-layer grown on the substrate. 
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       For a quantum well structure, the electron wave function can be defined as  

 
Ψn,kt

cη
=
𝑒𝑖kt𝜌

 𝐴
𝜙𝑛  𝑧; kt |𝑆, 𝜂 > (3.5)  

where A is the area of the quantum well, kt is the real transverse wave number, ρ =

 x2 + y2, ϕ
n
is the envelop function of the n

th
 conduction subband, η is the electron spin 

state, and the basis |S, η > is Block wave function for conduction band. The envelop 

function should be normalized to one. The conduction band energy En
c  kt can be 

determined by solving the eigenvalues and eigenvectors of the equation (3.6) as below for 

different kt values. 

 𝐻𝑐𝜙𝑛  𝑧; kt = 𝐸𝑛
𝑐 𝑘𝑡 𝜙𝑛 𝑧; kt  (3.6)  

      Similarly, the hole wave function can be written as  

 
Ψm,kt

vς =
𝑒𝑖kt𝜌

 𝐴
 𝑔𝑚 ,𝑖

𝜎

𝑖= ,𝑙 ,𝑠𝑜

 𝑧; kt |𝜇𝑖
𝜎 > (3.7)  

where g
m,i
ς is the envelop function of the m

th
 valence subband. Similarly, the valence 

subband energy dispersion can be determined by solving equation (3.8): 

 
 𝐻3×3,𝑖𝑗

𝜎 𝑔𝑚 ,𝑗
𝜎

𝑖= ,𝑙 ,𝑠𝑜

= 𝐸𝜎 ,𝑚
𝑣  𝑘𝑡 𝑔𝑚 ,𝑖

𝜎  𝑧; kt  (3.8)  

where i=hh, lh and so for the heavy hole, light hole, and split-off bands. In both equation 

(3.6) and (3.8), the wave number kz should interpreted as a differential operator−i
∂

∂z
. In 

this dissertation, I solve these equations using the finite difference method. All of the 

differential operators can be written as A z 
∂2

∂z2 and B z 
∂

∂z
, where A and B stand for the 

position dependent parameters. In order to guarantee the Hermitian properties of the 

Hamiltonian (equation 3.1 and 3.3), the following finite difference formulas were used 

while solving equation (3.6) and (3.8) [84]. 
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𝐴 𝑧 
∂2g

∂z2
|z=zi

→
∂

∂z
 𝐴 𝑧 

∂g

∂z
 |z=zi

≈
𝐴 𝑧𝑖+1 + 𝐴 𝑧𝑖 

2 ∆z 2
g zi+1 

−
𝐴 𝑧𝑖+1 + 2𝐴 𝑧𝑖 + 𝐴 𝑧𝑖−1 

2 ∆z 2
g zi 

+
𝐴 𝑧𝑖−1 + 𝐴 𝑧𝑖 

2 ∆z 2
g zi−1  

(3.9)  

 

B 𝐳 
∂g

∂z
|z=zi

→
1

2
 B 𝒛 

∂g

∂z
+
∂ Bg 

∂z
 |z=zi

≈
𝐵 𝑧𝑖+1 + 𝐵 𝑧𝑖 

4∆z
g zi+1 −

𝐵 𝑧𝑖−1 + 𝐵 𝑧𝑖 

4∆z
g zi−1  

(3.10)  

where ∆z = zi+1 − zi = zi − zi−1. 

3.3 Design of InGaAs/GaAsSb Type-II Quantum Wells 

      As discussed in the last chapter, the InGaAs/GaAsSb type-II quantum well structure 

has electrons are confined in the conduction band of the InGaAs layer, while holes are 

confined in the valence band of GaAsSb layer. This type-II band line-up has a narrower 

effective band gap than type-I transitions and can enable longer wavelength detection.  

Because the electrons and holes are separately confined in adjoining layers, the wave 

function overlap is smaller than in bulk or type-I quantum well structures. A reduced 

wave function overlap reduces the light absorption, and the quantum efficiency of 

photodiodes. Thus, given the same effective band gap, optimal performance requires a 

wave function overlap as high as possible.   
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Figure 3.2 Schematic diagrams for the band alignment and the wave function components for the 

InGaAs/GaAsSb type-II quantum well 

 

     Figure 3.2 shows a schematic of the type-II InGaAs/GaAsSb quantum wells. I used 

equations (3.6) and (3.8) to calculate the energy level and wave function of the subbands 

in type-II quantum wells. The parameters used to describe the quantum well properties 

such as the band gaps, conduction band offsets, and elastic constants are taken from 

recent theoretical and experimental results [53, 97]. 

       Figure 3.3 plots the subbands of the discrete energy level E as function of ki for 5nm 

InGaAs/5nm GaAsSb lattice matched quantum well. I define the energy difference 

between the ground state of electron state in quantum well and the ground state of heavy 

hole state to be effective band gap of the type-II quantum well. We can see that the 

effective band gap in this case is around 0.5eV, which is smaller than the band gap of 
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both InGaAs and GaAsSb materials (which are around 0.72eV and 0.73eV respectively 

[53]). 

     

 

Figure 3.3 Subband energy for the 5nm InGaAs/5nm GaAsSb lattice matched type-II quantum well 

on InP substrate 

 

      While photodiodes absorption regions will have a large number of quantum wells, our 

modeling shows that the simplified structure in Figure 3.2 gives results similar to a 

structure with more periods. Thus this simplified structure was used for in all design 

calculations. In order to optimize transition wavelength and wave function overlap, the 

thickness of InGaAs (t1), thickness of GaAsSb (t2), indium (In) content in InxGa1-xAs and 
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antimony (Sb) content in GaAs1-ySby can be adjusted, indicating to there are four degrees 

of freedom in the this quantum wells system. 

3.3.1 Effects of the Thickness of the Quantum Well Layers 

     One clear way to increase the detection wavelength is to make the layers in the 

quantum wells structure thicker. The effects of thickness changes for lattice matched 

InGaAs and GaAsSb are shown in Figure 3.4(a) and 3.4(b).  

 

 

(a) 
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(b) 

Figure 3.4 (a) Transition wavelength and (b) wave-function overlap dependence on the thickness 

change of lattice-matched InGaAs or GaAsSb. The simulation was carried out by changing the layer 

thickness of one material while keeping the layer thickness of the other at 5nm. 

 

     The trade-off between wavelength and wave function overlap is evident. Increases in 

the detection wavelength with thickness changes leads to a reduction in the wave function 

overlap. To further illustrate this point, Figure 3.5 plots the wave function overlap as a 

function of the detection wavelength. As shown in the figure, it is more effective to 

increase the thickness of InGaAs to get the longer transition wavelength, since it can 

achieve a larger increase of transition wavelength when sacrificing the same amount of 

wave function overlap. Similarly, in order to achieve a larger wave function overlap, it is 

more effective to decrease the thickness of GaAsSb. Therefore, the thickness of InGaAs 

layer should be larger than the thickness of GaAsSb to optimize the transition wavelength 

and wave function overlap. The physical reason of these relationships is that the effective 
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mass of the heavy hole confined in GaAsSb layer is much larger than that of electron 

confined in InGaAs layer. Therefore a reduction in the thickness of GaAsSb increases the 

wave function overlap due to increased electron penetration into the barrier but with a 

small decrease in the detection wavelength. 

 

Figure 3.5 Wave function overlap versus transition wavelength by changing the layer thickness of 

one material while keeping the layer thickness of the other material fixed at 5nm 

 

3.3.2 Effects of the Composition of the Quantum Well Layers 

     In addition to changing the thickness of the layers, compositional changes can be used 

to increase the detection wavelength. This requires strain to be added into the system. The 

band-edge effects due to the strain are illustrated in Figure 3.6. The hydrostatic 

term  εxx + εyy + εzz , which is proportional to the first order change in cubic volume due 

to the strain, will shift the conduction and valence band edges. The shear term  εxx +
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εyy − 2εzz , which is proportional to the difference between the vertical and in-plane 

lattice constants due to the strain, will split the heavy hole and light hole states.  

 

Figure 3.6 Band edges changes for III-V semiconductor under compressive strain, no strain, and 

tensile strain 

 

    To investigate how transition wavelength changes in relation to the composition of 

quantum wells, simulations that change the composition were carried out. Figure 3.7(a) 

and 3.7(b) show that the transition wavelength increases as In composition in InGaAs 

layer or Sb composition in GaAsSb layer increases. 
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(a) 

 

(b) 

Figure 3.7 The dependence of the transition wavelength and the wave-function overlap versus (a) the 

In composition change while keeping GaAsSb lattice-matched to InP and (b) the Sb composition 

change while keeping InGaAs lattice-matched to InP 
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     How the band edge changes as In composition in InGaAs layer increases or Sb 

composition in GaAsSb layer increases is roughly shown in Figure 3.8.  

 

 

Figure 3.8 Schematic diagram of the band alignment for a InGaAs/GaAsSb type-II QW about how 

the CB of InGaAs and HH of GaAsSb move with increase of In composition (x) in InGaAs and Sb 

composition (y) in GaAsSb 

 

     In Figure 3.8, we can see that the conduction edge decreases as In composition 

increases, and the valence edge increases as Sb composition increase. Both trends extend 

the transition wavelength between electron and hole. Moreover, the wave function 

overlap shows the opposite trend as the In or Sb composition increases, since the wells 

become deeper. These results also indicate that it is more effective to add compressive 

strain in GaAsSb layer in order to achieve longer transition wavelength. For the longest 

detection wavelength, compressive strain should be added to both layers. While this 

approach may work for thin active regions such as the semiconductor lasers, detectors 
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require thick absorption regions for adequate performance. As a result, compressive 

strain can’t be used in both materials if we simply repeat using those two layers to get a 

thick absorption region.  

3.3.3 Strain Compensated InGaAs/GaAsSb MQWs 

     The strained quantum wells offer a number of advantages over quantum wells 

composed of a lattice matched material combination, such as extending absorption 

wavelength as discussed above. However, when attempting to grow a stack of strained 

quantum wells, each strained layer will add to the overall stress. Beyond some thickness, 

termed the critical thickness, the total strain will lead to strain relaxation of the strained 

quantum wells.  

 

Figure 3.9 Strain-balanced multi-quantum wells consist of compressive-strained layer and tensile-

strained layer 
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     In order to ensure pseudomorphic growth of multiple layers of quantum wells, a 

technique called “strain compensation” is commonly used [68, 69, 98-100]. The idea of 

strain compensation is balancing the strain in one compressive-strained layer by another 

tensile-strained layer as shown in Figure 3.9. This technique minimizes the total elastic 

energy of epitaxial layer in order to achieve the stable strain state, which prevents the 

generation of dislocation defects. As a result, the critical thickness can be extended to 

thicknesses appropriate for the absorption regions of photodiodes.  

     The strain compensation condition for a cubic-based multilayer system grown along 

the (001) axis is [101, 102] 

 
𝐴𝑖𝜀𝑖𝑡𝑖
𝑎𝑖

𝑛

𝑖=1

= 0 (3.11)  

 

𝐴𝑖 = 𝐶11
𝑖 + 𝐶12

𝑖 − 2
 𝐶12

𝑖  
2

𝐶11
𝑖

 (3.12)  

  

where ti is the thickness of the i
th
 layer, 𝐶11

𝑖  and 𝐶12
𝑖  are elastic constants of the i

th
 layer, ai 

is the lattice constant of the i
th
 layer, and εi is the strain of the i

th
 epi-layer. 

Experimentalists often use the following equations of strain compensation condition by 

evaluating the weighted average strain over the layer thickness or including an elastic 

parameter A. 

 𝜀𝑖𝑡𝑖

𝑛

𝑖=1

= 0 (3.13)  

 𝐴𝑖𝜀𝑖𝑡𝑖

𝑛

𝑖=1

= 0 
(3.14)  
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         Theoretically speaking, the equation (3.11) should be more accurate than equation 

(3.13) and (3.14), since the elastic constants and lattice constant may vary from layer to 

layer depending the on the material in the layer. 

 

Figure 3.10 Under the strain compensation condition, the In composition in InGaAs versus Sb 

composition in GaAsSb with layer thickness of 5 nm for both InGaAs and GaAsSb layers 

 

      Using equation (3.11), the relation between In composition in InGaAs layer and Sb 

composition in GaAsSb layer can be solved numerically. To maintain strain 

compensation, the indium composition in InGaAs has to decrease when the antimony 

composition in GaAsSb increases as shown in Figure 3.10. Figures 3.11 shows the effects 

of strain compensation on the transition wavelength and wave function overlap. Based on 

Figure 3.11, higher Sb content in GaAsSb (compressive strain) can achieve a longer 

detection wavelength up to a mole fraction of 0.8. After this point, the transition 
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wavelength decreases due to the further decrease of the indium composition in the 

InGaAs layers. 

 

Figure 3.11 Under the strain compensation condition, the transition wavelength and the wave-

function overlap versus Sb composition change with layer thickness of 5 nm for both InGaAs and 

GaAsSb layers 

 

To investigate the maximized transition wavelength in strain compensated quantum 

well structures, several thickness and composition combinations are tested in simulation. 

Figure 3.12 plots the transition wavelength as function of wave function overlap for 

different thicknesses and compositions. It can be concluded that the longest transition 

wavelength of 4.15µm can be achieved in this type-II quantum well structure but with a 

small wave function overlap.  
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Figure 3.12 Under the strain compensation condition, wave function overlap versus transition 

wavelength for different thickness combinations for both InGaAs and GaAsSb layers with Sb 

composition changing from 0.3 to 0.9 

 

3.4 Limitations of the k·p Method 

    The k·p method can give accurate results, in terms of the cut-off wavelength 

calculation for type-II quantum wells photodiodes. However, the absorption coefficient 

value based on the six-band k·p method for type-II quantum wells structure does not 

match well with experimental data especially at short wavelength range. The reasons are 

discussed below. 
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       First, the k·p method is only accurate over a small k range near the local extreme 

point. Since the model determines the energy bands by expanding the wave functions in 

the vicinity of a high symmetry point (Γ, Χ, L points) through the perturbation method, 

the energy bands at larger k value may not be accurate. Second, for the model used here 

to calculate the absorption coefficient of the type-II quantum wells, the exciton effect is 

not included [103].  

      However, in terms of the design of the quantum wells, the k·p method is still 

sufficient enough to give the accurate trend while changing the quantum well 

composition or thickness, which will help to design the quantum well structures. 

3.5 Summary 

      In this chapter, six-band k·p theory is introduced and used to calculate the transition 

wavelength and wave function overlap of InGaAs/GaAsSb type-II quantum wells 

structure. The simulation indicates that in order to maximize the transition wavelength 

and wave function overlap under strain compensated condition, the thickness of InGaAs 

layer should be larger than that of GaAsSb layer, and GaAsSb layer should 

compressively strained, while InGaAs layer is tensile strained. Lastly, the potentially 

longest absorption wavelength that the InGaAs/GaAsSb strain compensated type-II 

quantum wells can achieve was explored theoretically. It is found that these 

InGaAs/GaAsSb strain compensated type-II quantum wells have the potential for 

absorption across the 2-4µm spectral band. In Chapter 5, photodiodes using these type-II 

quantum wells based on the design criteria discussed in this chapter will be studied 

experimentally. 
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Chapter 4: Photodiode Characterization 

     Prior to discussing the performance of the InP based InGaAs/GaAsSb type-II quantum 

well infrared photodiodes, I will discuss the parameters I have used to quantify their 

performance: dark current, responsivity, dark noise and specific detectivity.  

4.1 PIN Photodiodes 

      One of the most common photodiode structures is the PIN photodiode. The schematic 

of a typical PIN photodiode and its electric field profile in the device are shown in Figure 

4.1.  

 

Figure 4.1 Device structure and electrical field distribution of PIN photodiodes 

 

    The PIN photodiode consists of an intrinsic layer, sandwiched between heavily doped 

n-type and p-type layers. In most cases, the intrinsic region is used as the absorption 

region and has a smaller band gap than the n- or p-type regions. When a reverse bias is 
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applied, most of the electric field is within the intrinsic layer. Due to the low background 

doping level in i-region, the free carriers can usually be completely depleted at a zero or 

low reverse bias. The electron-hole pairs generated by light absorption in this region are 

swept across the region by the electric field, leading to current flow in the external circuit. 

Given a PIN photodiode with a fully depleted absorption region, the external quantum 

efficiency, ηext, can be written as equation (4.1) 

ηext =  1 − R  1− e−αd ηcoll  (4.1)  

where d is the width of the absorption region, α is the absorption coefficient, R is the 

reflectivity at the surface, and ηcoll is the carrier collection efficiency. Carrier collection 

efficiency is usually smaller than one, due to the fact that photo generated carriers may 

recombine before collected at the contact. 

4.2 Dark Current 

     Strictly speaking, the dark current is measured when there is no light incident on the 

device (zero background radiation). However, it cannot be realized since zero 

background radiation would never exist. The definition I use here is this: whenever the 

background level is low enough to have negligible effect on the photodiode’s current, I 

would define that current as the dark current of the photodiode. To achieve this condition, 

a cold shield is used to minimize any stray infrared radiation incident on the device. 

     The dark current-voltage characteristics of the devices are measured using HP 4145B 

semiconductor parameter analyzer. When measuring the dark current at various 

temperatures, the photodiodes would be placed in a cryostat and the cryostat windows 

would be covered with aluminum foil to prevent any light from entering the cryostat.  
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    There are five primary mechanisms that contribute to the dark current in a reverse 

biased photodiode: diffusion current (IDiff), generation-recombination current (IGR), band-

to-band tunneling current (IT,), trap-assisted tunneling current (ITAT) and surface 

recombination current (Isurf) [104-106]. My measurements in the next chapter show that 

the surface recombination current is not important in these devices. As a result, I do not 

include it in the modeling for this dissertation. 

4.2.1 Diffusion Current 

     Diffusion current is one of the most fundamental mechanisms that contribute to the 

dark current, being present in all kinds of photodiodes. It is due to the thermally 

generated minority carriers in the quasi-neutral regions (p-region or n-region) that diffuse 

across the junction. These minority carriers are usually within a diffusion length away 

from the depletion region. The diffusion current is given by [104-106]:  

IDiff = Ani
2 ekT 

1

NA
 

µe

τe
+

1

ND
 

µh

τh
 (e

eV
nkT − 1) 

(4.2)  

where A is the cross section area of the device, ni is the intrinsic carrier concentration of 

the semiconductor material used for p- or n-region, e is the electron charge, k is the 

Boltzmann constant, T is the temperature, NA and ND are the p- and n-type doping 

concentrations, respectively, µe, τe and µh ,τh are the mobility and lifetime of electrons 

and holes, respectively, V is the bias voltage. The dynamic ideality factor n is 1 if the 

photodiode is diffusion current limited [107]. 

4.2.2 Generation-recombination Current 

     Generation-recombination (GR) current in photodiodes is due to defects in the 

depletion region. These defects can originate from either the material growth or the 
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device fabrication. They act as intermediate states for carrier generation when the 

photodiodes are reverse biased, and act as intermediate states for carrier recombination 

when the photodiodes are forward biased. The generation-recombination current is given 

by [104-106]: 

IGR =
Aeni

abs d V 

τGR

2kT

e(Vbi − V)
sinh −eV

2kT  f(b) 

f b =  
du

u2 + 2bu + 1

∞

0

 

b = e−
qV

2kT
 cosh  

Et − Ei

kT
  

(4.3)  

where Vbi is the built-in potential, d is the depletion width, ni
abs  is the intrinsic carrier 

concentration of absorption region, τGR is the generation-combination lifetime. The 

dynamic ideality factor n is 2 if the photodiode is generation-recombination current 

limited [107].  

4.2.3 Band to Band Tunneling Current 

The band to band tunneling current originates from carriers that tunnel directly from 

the valence band to the conduction band. Generally, this type of current is apparent at 

large reverse bias because of the higher probability tunneling under the high electric field 

in the depletion region, and has negligible influence on the forward bias characteristics. 

The band tunneling current has a very small dependence on temperature which originates 

from the change in band gaps with temperature [53]. The band to band tunneling current 

can be calculated with following equation if the potential barrier is modeled as triangular 

[104-106]. 
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IT =
Ae3F(V)V

4π2ћ2  
2mT

Eg
exp

 

 −

4 2mT Eg
3

3eћF(V)

 

  

(4.4)  

where F is the electric field, ћ is the Planck constant, mT is the effective tunneling mass, 

Eg is the band gap or effective band gap of the depletion region. 

4.2.4 Trap-assisted Tunneling Current 

Trap-assisted tunneling (TAT) is a two-step tunneling process where carriers tunnel 

across the junction via trap states in or near depletion region. This tunneling consists of a 

thermally activated transition from the valence band to the trap site, then tunneling into 

an empty state in the conduction band. Similar to the band to band tunneling, this 

tunneling current has a very small temperature dependence and insignificant influence on 

the forward bias characteristics. The trap assisted tunneling current can be calculated by 

[104-106]: 

ITAT =
Ae2mT VM2Nt

8πћ3 Eg − Et 
exp −

4 2mT (Eg − Et)

3eћF(V)
  

(4.5)  

where Nt is the activated trap density, Et is trap energy location, measured from the 

valence band edge, and M
2
 is a matrix element associated with trap potential. 

       All the formulas described above are for bulk PIN photodiodes, which would be 

different for the real structure of a photodiode with InGaAs/GaAsSb type-II MQWs as 

absorption region. However, for numerically modeling the real device’s current, I can 

still get good fitting using these formulas to describe the photodiodes in this work as 

shown in next chapter. 
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4.3 Spectral Responsivity  

      The spectral response of the devices discussed in this dissertation is measured by 

using a Nicolet Magna-II Fourier transform infrared (FTIR) spectrometer and a 

blackbody source at 700 ºC.  

     Figure 4.2 shows a schematic diagram of the FTIR spectrometer [108]. The 

mechanism of FTIR spectrometer is based on Michelson interferometer. Light from the 

infrared source is collimated and directed to a beam splitter. Ideally, 50% of the light is 

transmitted towards the fixed mirror and 50% of the light is reflected toward the moving 

mirror. During the motion of the moving mirror, the difference in optical path length 

between the two arms to the interferometer is recorded. An interferogram is obtained by 

moving the mirror and recording the signal from the detector for various positions of the 

mirror (with various optical path length differences). The Fourier transform of the 

interferogram is used to provide the actual spectrum of the target radiation. 
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Figure 4.2 Principle of FTIR operation 

 

     The FTIR system enables users to connect an external detector unit, instead of using 

the built-in standard broad band DTGS (KBr window) detector. By collecting the same 

infrared source spectrum using two different detectors, we can extract the relative 

responsivity of the detector under test, along with its cut-off wavelength information. 

Here is the procedure to measure the relative responsivity of the SWIR and MWIR 

photodetectors in this dissertation. First, we use the FTIR built-in standard DTGS 

detector to the get the spectrum of the infrared light source as below in Figure 4.3.  



46 
 

 

Figure 4.3 The spectrum of the infrared light measured by the DTGS detector 

 

    Then an external detector under test is used to replace the DTGS detector and measure 

the same spectrum of the infrared light source in FTIR again, which is shown in Figure 

4.4.  
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Figure 4.4 The spectrum of the infrared light measured by the external detector 

 

     Here a Stanford Research Systems (SRS) 570 low-noise current preamplifier is used 

to amplifier the signal out of the external detector during the measurement of the relative 

spectral response. With these two measured spectrum, the relative responsivity of the 

external detector to be tested can be extracted if we divide the first spectrum by the 

second spectrum as shown in Figure 4.5.  
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Figure 4.5 The relative responsivity of the external detector to be tested 

 

     I assume the DTGS detector has flat response over the wavelength range of interest, 

since it is a thermal detector. This assumption may not be true for wavelength below 

1.8µm, and it may generate erroneous spectrum for that wavelength range. Therefore, for 

the near infrared range (NIR) range, I do not use this method to measure the responsivity 

of the photodetectors. The responsivity below 1800 nm can be measured by comparing 

the photo response of the device under test with that of a calibrated commercial 

photodiode (such as InGaAs photodiodes). A tungsten-halogen lamp filtered by a grating 

monochromator is used to generate a monochromatic light (from 1000 nm to 1800 nm). 

To remove the higher order short wavelengths generated in the monochromator, a long 

pass optical filter with a cut-off wavelength (1000 nm for example) is used to remove the 

visible light. 
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     The absolute responsivity of the devices is calibrated by using a blackbody source 

maintained at 700 ºC with a chopper at a modulation frequency of 140Hz, a current 

preamplifier, and a Fast Fourier Transform (FFT) spectrum analyzer. In this dissertation, 

an 1800-nm long pass filter is placed between the blackbody source and the device to 

eliminate the contribution to the responsivity from spatially direct absorption of the 

InGaAs/GaAsSb type-II multiple quantum wells photodiodes. The detail of calibration 

process of the absolute responsivity will be discussed below. 

     Based on the Planck’s radiation law, the spectral distribution of energy in the 

blackbody radiation is described as in formula 4.6 [35]. 

N(λ, T) =
2πhc2

λ5

1

e
hc

kTλ − 1

 
(4.6)  

Here λ is the wavelength, T is the temperature, k is the Boltzmann’s constant, c is the 

speed of the light in vacuum, and N(λ, T) is the energy per unit time (or the power) 

radiated per unit area of emitting surface in the normal direction per unit solid angle per 

unit wavelength by a black body at temperature T. The spectrum of blackbody radiation 

700 ºC is shown in Figure 4.6. The reason we use 700 ºC as the radiation temperature of 

blackbody is that the maximum radiation produced by the blackbody is at wavelength of 

around 3µm for that temperature based on Wien's displacement law [35]. 
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Figure 4.6 The spectral distribution of energy in the black body radiation at temperature of 700 ºC 

 

      The signal from the blackbody was modulated at a frequency of 140Hz to get rid of 

the background radiation coming from the environment. The power density from 

blackbody can be calculated using the following equation (4.7). 

M λ 1 , λ 2, T =  N(λ, T)
λ  2

λ  1

dλ 
(4.7)  

   The power incident Pin on the device is given by equation (4.8). 

Pinc =  M λ 1, λ 2, T  ×

π
4 Dap

2

πd2
∙ TZnSe ∙ Ti ∙ Adet ∙MF 

(4.8)  

where T is the blackbody radiation temperature that is 700 ºC, Dap is the aperture on the 

blackbody source, d is the distance between the photodiodes and the blackbody source, 

TZnSe is the transmission of the window, Ti is the transmission of the 1800nm long pass 
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filter, Adet is the active area on the device mesa top and MF is the modulation factor for 

square-wave input signal that is 0.45 for the chopper we use.  

       The total current under radiation from the photodiode is measured by using a current 

preamplifier and a Fast Fourier Transform (FFT) spectrum analyzer. With the total 

current measured, the ratio β between the relative responsivity Rab and absolute 

responsivity Rre can be calculated in equation (4.9) as below. With the ratio β, the 

responsivity as a function of wavelength can be determined finally. 

β =
Rab

Rre
=

total current under radiation 

  N(λ, T) 
λ  2
λ  1

π
4 Dap

2

πd2 ∙ TZnSe ∙ Ti ∙ Adet ∙MF ∙ Rre  λ dλ

 
(4.9)  

 

4.4 Dark Noise 

    The random nature of the motion of charged carriers leads to noise in the detector 

signal. The total noise is the root sum of squares (or RSS) of all the contributing noise 

sources, as the different noise source relevant to my detectors are discussed below [109]. 

1) Thermal Noise: Thermal noise exists in all resistors at temperature above zero 

Kelvin, and it stems from the random thermal motion of carriers in a material. The 

expression is given by  

𝑖𝑡𝑒𝑟𝑚𝑎𝑙
2 = 4

𝑓

𝑒𝑓/𝑘𝑇 − 1

Δ𝑓

𝑅
~

4𝑘𝑇Δ𝑓

𝑅
 (4.10)  

where k is the Boltzmann’s constant, h is the Planck constant, T is the temperature, 

R is the resistance, f is the noise measurement frequency and Δf is the noise 

measurement bandwidth. Since in reality, hf«kT is always satisfied, the quantum 

factor 
𝐡𝐟

𝐞𝐡𝐟/𝐤𝐓−𝟏
  reduces to kT in equation (4.10). 
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2) Shot Noise: This noise originates from the discrete nature of the electric charge. 

When viewed at the electron level, the current in the detector does not flow in a 

smooth, uniform way. Even for constant average (DC) current, the root mean 

square deviation (or RMSD) in the current about this average value due to 

fluctuations at electron level still exists. The expression for shot noise is given as 

below: 

𝑖𝑠𝑜𝑡
2 = 2𝑒𝐼Δ𝑓 (4.11)  

where e is the electron charge, and I is the average current created by the electron 

stream. 

3) Generation-recombination Noise: Generation-recombination (g-r) noise in 

semiconductor originates from traps that randomly capture and emit carriers; 

therefore, there are fluctuations in the number of carriers available for current 

transport. The forms of transitions which occur in a semiconductor are electrons 

trapped by empty traps, electrons released by full traps, holes trapped by full traps, 

holes released by empty traps. The power spectrum density of g-r noise is 

proportional to the number of traps. 

4) 1/f Noise (Flicker Noise): This noise has power spectral density inversely 

proportional to the frequency and is only present for non-zero bias operation. It 

usually shows up as a low-frequency phenomenon, as the higher frequencies are 

overshadowed by other noise sources. Although the cause of 1/f noise is not fully 

understood, it can show up due to various reasons, such as mobility fluctuations, 

surface related issues and so on. Since the response and noise of photodiodes in 

this dissertation are measured under low frequency such as 140 Hz, this noise 

source may also contribute.  
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     The dark noise of the photodiodes is characterized by using the similar procedure as 

the responsivity. To obtain this data, the device is mounted on a cold finger inside a 

cryostat and the cryostat chamber was covered to eliminate stray light from shining on 

the device. The noise current from the device is amplified by using a pre-amplifier. An 

FFT spectrum analyzer is used to view the noise spectrum density. 

4.5 Specific Detectivity  

    The signal to noise ratio is often used as a figure of merit between different detector 

structures. This comparison is complicated by the fact that the signal to noise ratio is a 

function of detector area and the bandwidth. To combat this, the specific detectivity is 

typically used as a means of comparison. The specific detectivity is defined as the 

reciprocal of noise equivalent power, normalized per unit area and bandwidth and can be 

calculated from the noise current spectrum density and the responsivity, with the equation 

(4.12) below.  

D∗ =
R A

noise/ Δf
 

(4.12)  

where A is the device area, R is the responsivity, Δf is the bandwidth. And common units 

of the specific detectivity are cm·Hz
0.5

/W, also called Jones. 

4.6 Summary 

      In this chapter, the parameters used to characterize the infrared photodiodes are 

reviewed, as these parameters are important in the following chapters. The measurements 

of each parameter are also presented, and the major components for the dark current and 

dark noise for an infrared photodiode are also discussed. With these parameters, the 

performance of the InP based type-II quantum wells photodiodes will be characterized in 

next chapter.  
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Chapter 5: InGaAs-GaAsSb Type-II Quantum 

Wells PIN Photodiodes 

5.1 Introduction 

     In chapter 3, I discussed the design of InGaAs/GaAsSb type-II quantum wells as the 

absorption region of infrared photodiodes. Based on the simulation results, a thicker 

InGaAs layer compared with the GaAsSb layer is desirable in terms of achieving the 

longer absorption wavelength and larger wave function overlap simultaneously. 

Furthermore, when strain compensation is used, the GaAsSb layer should be 

compressively strained while the InGaAs layer is tensile strained in order to detect longer 

wavelength infrared light.  

      In this chapter, I will study how the performance of these type-II photodiodes changes 

as the detection wavelength increases by comparing three different structures. The first 

sample (Sample A) consists of 100 pairs of lattice matched 7nm In0.53Ga0.47As/5nm 

GaAs0.5Sb0.5 quantum wells as absorption region. This is similar to previously reported 

structures [34]; the thicker InGaAs layer will lead to a longer detection wavelength. The 

second sample (Sample B) consists of 100 pairs of strain compensated 7nm 

In0.34Ga0.66As/5nm GaAs0.25Sb0.75 quantum wells as absorption region, in which case the 

GaAsSb layers are compressively strained and the InGaAs layers are tensile strained. 

These two structures were designed to SWIR and MWIR detection respectively based on 

the design criteria concluded in Chapter 3. A third sample (Sample C) uses a new strain 

compensation scheme which would have potential advantages over Sample B. All those 



55 
 

materials are epitaxially grown in an MBE reactor by IQE Inc, fabricated as discussed in 

the Appendix, and characterized as described in chapter 4. 

5.2 Lattice Matched Quantum Wells Photodiode (Sample A) 

      The structure of Sample A is shown in Figure 5-1. An unintentionally doped 100 

pairs of 7nm In0.53Ga0.47As/5nm GaAs0.5Sb0.5 quantum wells absorption region is placed 

between p-type and n-type layers. The transitions between the ground energy states in the 

latticed matched InGaAs and GaAsSb layer are expected to occur around 0.47eV, 

corresponding to the transition wavelength of around 2.63μm.  

 

Figure 5.1 A schematic of the PIN device structure with type-II 7nm In0.53Ga0.47As/5nm GaAs0.5Sb0.5  

MQWs as absorption layer (Sample A) 

 

     Material composition and thickness of layers were verified using high resolution X-

ray diffraction (HRXRD) as shown in Figure 5-2. The appearances of a large number of 

satellite peaks suggest that structure is of high quality and abrupt interfaces exist between 

the quantum well layers. 
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Figure 5.2 HRXRD data of Sample A with 100 pairs of 7nm In0.53Ga0.47As/5nm GaAs0.5Sb0.5 MQWs 

 

5.2.1 DC Characteristics 

      The dark current-voltage (I-V) characteristics of Sample A are measured using an 

HP4145B semiconductor parameter analyzer. Twenty-nine out of thirty devices show 

very similar dark current with low variations. The dark current of a representative 180µm 

diameter device at different temperatures is shown in Figure 5-3. It has a dark current 

density of 1.66mA/cm
2
 at 290K at -0.5V, and decreases to 4.89µA/cm

2
 at 200K. 

  



57 
 

 

Figure 5.3 Dark current versus voltage for the 180 µm diameter Sample A measured at different 

temperatures 

 

     To understand which components of the dark current are important in the performance 

of these devices, the dark current-voltage (I-V) characteristics at 290K for different 

device areas of Sample A are shown in Figure 5-4. The fact that the dark current scales 

with device area as opposed to perimeter suggests that the dark current is dominated by 

the bulk component and not the surface leakage. 
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Figure 5.4 Dark current versus device area for lattice matched Sample A with bias of -0.5V measured 

at 290K 

 

     An Arrhenius plot of the dark current for Sample A is shown in Figure 5-5. A good 

exponential fit to the data suggests that single activation energy (around 0.32eV) 

dominates the dark current. The activation energy extracted in this way often represented 

the average energy of several traps rather than the signature of any single defect, 

especially for the multiple quantum wells structures, since the defect distribution is 

complicated [110].  
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Figure 5.5 Arrhenius plot of the dark current for 180 µm diameter Device A at reverse bias -0.5V 

 

      Another figure of merit is the resistance-area product (R0A), which is related to 

thermal noise as discussed in Chapter 4. R0A is calculated from the low bias I-V data at 

different temperature for 180µm diameter device as shown in Figure 5.6. The R0A at 

290K is 50 Ohm·cm
2
, and it increases to 18,000 Ohm·cm

2
 at 200K. These values are 

comparable with that of the commercially available relaxed InxGa1-xAs (x>0.53) InP 

based PIN photodiodes with the similar cut-off wavelength [72] and much higher than 

other infrared technologies [36]. 
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Figure 5.6 R0A product for 180µm diameter Sample A at different temperatures 

 

     To understand the main contributions to this dark current, additional analysis is carried 

out. Given the fact that the dark current is dominated by bulk effects, the bulk based 

model described in Chapter 4 can be used to analyze the dark current performance of the 

photodiodes. Equations for the four main mechanisms: diffusion (IDiff), generation-

recombination (IGR), band-to-band tunneling   (IT,), and trap-assisted tunneling   (ITAT) are 

provided again in Table 5-1. 
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Table 5-1 Equations used to model the dark current of bulk PIN photodiodes 

Equation  Number 

IDiff = Ani
2 ekT  

1

NA
 

µe

τe
+

1

ND
 

µh

τh
 (e

eV
kT − 1)                              

(5.1)  

IGR =
Aeni

abs d V 

τGR

2kT

e(Vbi − V)
sinh −eV

2kT  f(b) 

where f b =  
du

u2+2bu +1

∞

0
, and b = e−

qV
2kT
 cosh  

Et−Ei

kT
  

(5.2)  

IT =
Ae3F(V)V

4π2ћ2  
2m T

Eg
exp −

4 2m T Eg
3

3eћF(V)
                                                      

 

(5.3)  

ITAT =
Ae2m T VM2Nt

8πћ3 Eg−Et 
exp  −

4 2m T (Eg−Et )

3eћF(V)
                                               

(5.4)  

 

 

     In these equations, ni is the intrinsic carrier concentration of InP, ni
abs  is the intrinsic 

carrier concentration of absorption region, τGR is the generation-recombination lifetime 

and is assumed to be 10ns for the simulation, mT is the tunneling effective mass, Eg is the 

effective band gap, which is transition energy between the lowest energy states in the 

InGaAs and GaAsSb, Nt is the activated trap density, Et is trap energy location, measured 

from the valence band edge, M
2
 is a matrix element associated with trap potential, 

assumed to be 1×10
-23

 eV
2
cm

3
 and all other parameters have been described in Chapter 4. 

     Prior to fitting the experimental dark current curves, the effective band gap of the 

type-II absorption at different temperatures can be calculated using 6 band k·p method 

described in Chapter 3 [84, 85]. The calculated effective band gap at each temperature is 

consistent to the cut-off wavelength based on optical response measurement shown in the 
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next section. The individual current due to the each mechanism, the total fitted dark 

current and the total measured dark current are plotted in Figure 5-7. The parameters used 

for the fitting process at each temperature are listed in Table 5-2. 

  

(a) (b) 

  

(c) (d) 

Figure 5.7 Experimental and simulated current considering diffusion, GR, band-to-band direct 

tunneling   and trap-assisted tunneling for the lattice matched InGaAs-GaAsSb MQW photodiode 

with 130µm diameter  investigated at (a)290 K, (b)260K, (c) 230K, (d) 200K. And the diffusion 

component is too low to be shown in the same plot. 

Table 5-2 Parameters used to fitting the lattice matched InGaAs/GaAsSb p-i-n photodiodes. 

 200K 230K 260K 290K 

Effective band gap (eV) 0.51 0.50 0.49 0.47 

Tunneling mass mT (me) 0.08 0.08 0.08 0.08 

Trap density Nt (cm
-3

) 1.636×10
12

 1.655×10
12

 1.93×10
12

 2.34 ×10
12

 

Trap energy level Et (Eg) 0.516 0.519 0.523 0.517 

 𝑛𝑖
𝑎𝑏𝑠  (cm

-3
) 1.440 ×10

10
 1.46 ×10

11
 1.005 ×10

12
 2.931 ×10

12
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    The strong agreement between the simulated and the experimental current confirm the 

validity of the model. Based on Table 5-2, the InP based type-II quantum well structure 

has a larger tunneling mass compared with other infrared photodiodes [104], which is 

desirable since the tunneling process will be suppressed at low bias. The larger tunneling 

mass may be due to the smaller wave function overlap in type-II structures. The trap 

energy level Et is close to the middle to effective band gap (~0.51Eg) at temperatures 

from 200K to 290K. 

       Based on Figure 5-7, we can conclude that the performance of lattice matched 

InGaAs/GaAsSb photodiodes is dominated by generation-recombination processes at 

small reverse biases (up to 5V) at temperature between 200K and 290K. This bias range 

is the typical operation bias of those PIN photodiodes for infrared detection. The current 

in this range is significantly lower than the photodiodes using InAs/GaSb type-II QWs, 

whose tunneling component of dark current is substantial within this bias range [104]. 

Furthermore, at larger reverse biases (greater than 10V), trap-assisted and direct 

tunneling components of this type-II InGaAs/GaAsSb QWs photodiodes begin to 

dominate.  

5.2.2 Optical Characteristics 

      The normal incident photo response of the photodiode was measured at temperatures 

between 200K and 290K with the method described in chapter 4. The results are shown 

in Figure 5-8. As expected, the device has an optical response out to a longer wavelength 

than the device with lattice matched 5nm InGaAs/ 5nm GaAsSb quantum wells 

absorption [34, 79-81] and the response increases with temperature because the photo 

generated carriers have more thermal energy to transport over the hetero-barriers and 
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transit to the electrodes. One unanswered questions is the mechanism by which these 

carriers get out of quantum wells, since both thermionic emission and phonon assisted 

tunneling can be the dominant carrier transport mechanism. This topic will be further 

discussed in Chapter 6.  

 

 

Figure 5.8 Normal incident photo response of the device under different temperatures, at reverse 

bias of -0.5V for Sample A 

 

     In order to investigate the responsivity under different biases and temperatures, the 

blackbody responsivity (BR) under different reverse biases and temperatures was 

measured and plotted in Figure 5-9. Here the blackbody responsivity is defined as the 

output photo current of device produced in response to a watt of input optical radiation 
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from a blackbody source at 700 ºC. This blackbody response is proportional to the 

absolute value of responsivity, which can roughly represent the average optical response 

of the photodiodes. 

 

Figure 5.9 Blackbody responsivity versus temperature under different reverse bias for Sample A 

 

     For reverse biases above 0.2V, the blackbody responsivity for the device increases 

with temperature. However, the blackbody responsivity at smaller reverse biases initially 

increases with temperature and then decreases after some critical temperature. This 

critical temperature for Sample A is somewhere between 230K and 260K for reverse 

biases of 0V. The main cause of this effect is temperature and bias dependence of the 

thickness of depletion region in the absorption region. At higher temperatures, the 

absorption region is not fully depleted at small biases due to the unintentional doping 
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concentration. As a result, the carriers generated outside the depletion region will 

recombine before they are collected. As the temperature decreases, the overall 

background doping concentration in absorption region drops due to incomplete dopant 

ionization, and thus, the absorption region becomes more depleted at small bias, which 

helps collect the photo generated carriers. In addition, the blackbody responsivity of the 

devices is almost independent of the reverse bias at temperatures below 230K. The reason 

is that at low temperatures, the absorption region is fully depleted even at small bias.      

    The device’s specific detectivity (D*) as a function of wavelength is calculated from 

the responsivity and noise with the following formula [109]: 

 
D∗ =

R A

Sn
 (5.5)  

where R is the responsivity, A is the diode area and Sn is the noise spectrum density(see 

Figure 5.10).  



67 
 

 

Figure 5.10 Dark noise spectrum densities versus temperature under bias of -0.5V for Sample A 

 

      The D* versus wavelength for the devices at different temperatures is shown in 

Figure 5-11. D* for Sample A is 3.28×10
9
 cm·Hz

1/2
·W

-1
at λ=2.4 m at 290K and 

increases to 1.51×10
11

 cm·Hz
1/2

·W
-1 

at 200K. These values are plotted in Figure 5-12 to 

allow a comparison with Sidhu’s device [34] and other commercially available 

photodetectors. These results show that my devices have similar performance to the other 

approaches. In many cases, this performance is achieved at much higher operating 

temperatures. Due to better noise performance of Sample A at 200K, the D* performance 

at Sample A is higher compared to Sidhu’s device.   
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Figure 5.11 Detectivity of Sample A at different temperatures under reverse bias of -0.5V 

 

Figure 5.12 Comparison of the detectivities of Sample A at 2.4µm (triangle) with that of Sidhu’s 

device (dot)[34] and other infrared detectors [36] 
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For infrared imaging application, infrared radiation may not be normal incident. 

Therefore, it is also important to study the angular dependence of the optical response of 

these photodiodes. It was measured with blackbody radiation, by rotating the wire bonded 

sample in the chamber. The angular responsivity R(θ) of the device can be calculated 

from the relation 

 
𝑅(𝜃) = R(0)

I θ 

I 0 

S 0 

S θ 
 

(5.6)  

where θ is the incident angle, R(0) is the normal incident responsivity, I(θ) is the photo 

current measured at incident angles of θ, S(θ) is the projected area of the detector on the 

normal plane of the light beam at angles θ. Figure 5.14 shows the angular dependence of 

the normalized blackbody responsivity of the 350µm diameter photodiodes with 

incidence angles ranging of 0º to 75º.  

 

Figure 5.13Angular dependence of normalized blackbody responsivity of Sample A under zero bias 
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     Based on the Figure 5.14, for the incidence angles smaller than 55º, a slightly increase 

of responsivity was observed, which is due to the increase in optical absorption length. 

For the incidence angles larger than 55º, the responsivity begins to drop.  

The bandwidth of Sample A is estimated by measuring the temporal response to 1550 

nm optical pulse laser. The optical pulse width of the laser is approximately 46fs and the 

photodiodes is biased at -0.1V. Figure 5.13 (a) shows the transient electrical signal with 

the pulse laser shining on the 100 µm diameter photodiode. The full width at half-

maximum (FWHM) is around 0.5ns. Fourier transform of the transient response was 

carried out as shown in Figure 5.13(b). The 3-dB bandwidth can be estimated from 

Figure 5.13(b), which is around 565 MHz, and this bandwidth is RC-limited.  
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(a) 

 

(b) 

Figure 5.14 (a) Optical transient response of 100µm photodiode under bias of -0.1V (b) Fourier 

transform of the pulsed transient response of 100µm photodiode 
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5.3 Strain Compensated Quantum Wells Photodiode (Sample B) 

        One of the advantages of InGaAs/GaAsSb quantum wells is that strain can be used 

to extend the detection wavelength. Sample B (see Figure 5-15) was designed to 

determine the effects of the extension of detection wavelength on other performance 

metrics. The transitions between the lowest energy states in InGaAs and GaAsSb are 

expected to occur around 0.38eV, corresponding to transition wavelength of around 

3.2μm.  

 

Figure 5.15 A schematic of the PIN device structure with type-II 7nm In0.34Ga0.66As/5nm 

GaAs0.25Sb0.75 MQWs as absorption layer 

 

    Material composition and thickness of layers are also verified using high resolution X-

ray diffraction (HRXRD) as shown in Figure 5-16. The appearances of a large number of 

satellite peaks suggest that the structure is of good crystal quality and have abrupt 

interfaces in the absorption region. One difference between samples A and B is the full-
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width at half-maximum (FWHM) of the satellite peaks. In Sample B they are larger than 

the simulation suggesting that some strain relaxation may be occurring.       

 

Figure 5.16 HRXRD data of Sample B of 100 pairs of 7nm In0.34Ga0.66As/5nm GaAs0.25Sb0.75 

 

5.3.1 DC Characteristics 

     The dark current-voltage (I-V) characteristics of Sample B were also measured using 

an HP4145B semiconductor parameter analyzer. Twenty-one out of thirty devices show 

very similar dark current with low variations. The dark current-voltage (I-V) 

characteristics at different temperatures for the device with diameter of 180µm are shown 

in Figure 5-17. The dark current density is 9.7mA/cm
2
 at 290K at -0.5V and decreases to 

58.6µA/cm
2
 at 200K. The dark current of the Sample B is higher than that of Sample A, 

which is due to the fact that there is higher thermal generation-recombination rate in the 
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absorption region, since Sample B has the smaller effective band gap and higher defect 

density compared to Sample A. 

 

Figure 5.17 Dark current versus voltage for a 180 µm diameter device measured at different 

temperatures 

 

     The dark current-voltage (I-V) characteristics of Sample B at 290K with different 

device area are shown in Figure 5-18. The dark current of the Sample B scales with 

device area which indicates the dark current is dominated by the bulk component as was 

the case with Sample A. 

      The Arrhenius plot of the dark current for Sample B is also shown in Figure 5-19. 

The activation energy is around 0.28eV for this device. The activation energy difference 
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between Samples A and B is due to the different effective band gap and different 

properties of the traps in the two samples.  

 

Figure 5.18 Dark current versus device area for lattice matched Sample B with bias of -0.5V 

measured at 290K 
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Figure 5.19 Arrhenius plot of the dark current for 180 µm diameter Device B at reverse bias -0.5V 

 

     In addition, the R0A product for Sample B at different temperatures is shown in Figure 

5-20 compared to that of Sample A. The R0A at 290K is slight larger than that of Sample 

A, but at 200K, it is approximately one order of magnitude lower than that of Sample A. 

This difference can be explained as follows. At 290K, Sample B is less depleted at zero 

bias due to the higher background unintentional doping concentration in the absorption 

region compared to that of Sample A, which will be confirmed in next section. Therefore, 

generation-combination current is smaller due to the thinner depletion region near zero 

bias in Sample B. As a result, at 290K, Sample B has slight larger R0A product. At 200K, 

the R0A product of Sample B is lower than Sample B, which is due to the smaller 

effective band gap and higher defect density in the absorption region of Sample B.  
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Figure 5.20 R0A for Sample B and Sample A with 180 µm diameter at different temperatures 

 

5.3.2 Optical  Characteristics 

      The normal incident photo response of Sample B was measured at temperatures 

between 200K and 290K. The results are shown in Figure 5-21. The device has an optical 

response out to wavelength of 3.2 µm at 290K, which is consistent to what we expect 

based on our initial design. The response also increases with temperature as in Sample A. 

This is the first photodiode demonstrated on InP substrate which has optical response 

beyond 3.0 m using the interband absorption without using lattice mismatch layers. 
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Figure 5.21 Normal incident photo response of the device under different temperatures, at reverse 

bias of -0.5V for Sample B 

 

       The blackbody responsivity of Sample B is shown in Figure 5-22. For reverse biases 

above 0.5V, the blackbody responsivity increases with temperature as seen in Sample A. 

Similarly, the blackbody responsivity of Sample B at small reverse biases initially 

increases with temperature and then decreases after some critical temperature. This 

critical temperature for Sample B is 140K and 230K for reverse biases of 0V and -0.2V 

respectively. The main cause of this effect is similar to Sample A: temperature and bias 

dependence of the thickness of depletion region in the absorption region. At high 

temperatures and small biases, the absorption region is not fully depleted due to the 

unintentional doping concentration, and the carriers generated outside the depletion 
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region have to diffuse into the depletion region before getting collected. Therefore, the 

carrier collection efficiency is relatively low, and the responsivity is small. As the 

temperature decreases, the overall background doping concentration in absorption region 

drops due to incomplete dopant ionization, thus, the absorption region becomes more 

depleted at small biases, which helps collect the photo generated carriers. The lower 

critical transition temperature of Sample B compared to Sample A is due to a higher 

background doping concentration in absorption region for Sample B. This was confirmed 

by Capacitance-Voltage (C-V) measurements (see Figure 5-23). The larger capacitance 

of Sample B at small bias compared to Sample A indicates that the absorption region of 

Sample B has a higher background doping. The background doping can be extracted from 

the linear regression of 1/C
2
-V plot [107], which is estimated to be around 4×10

15
 cm

-3
 

and 1×10
15

 cm
-3

 for Sample B and Sample A, respectively. Thus Sample B needs a higher 

bias in order to fully deplete the absorption region. 

 

Figure 5.22 Blackbody responsivity versus temperature under different reverse bias for Sample B 
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Figure 5.23 Capacitance-Voltage (C-V) measurements of the 180µm diameter devices for both 

Sample A and Sample B 

 

Figure 5.24 Dark noise spectrum densities versus temperature under reverse bias of 0.5V for Sample 

B and Sample A 
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The dark noise spectrum density of Sample B versus temperature was also measured as 

shown in Figure 5-24. Compared with Figure 5-10, the noise of Sample B is larger than 

Sample A at 290K by a factor of two; this difference increases as the temperature 

decreases. This phenomenon is consistent to the comparison of dark current, R0A product 

between two samples, which is also due to the smaller effective band gap and higher 

defect density in the absorption region of Sample B. Furthermore, the D* versus 

wavelength of the device at different temperatures is shown in Figure 5-25.  

 

 

Figure 5.25 Detectivity of Sample B at different temperatures under reverse bias of -0.5V 

 

As we can see from Figure 5-25, for λ=2.7m, D* for Sample B is 1.4×10
9
 

cm·Hz
1/2

·W
-1

 at 290K and increases to 1.5×10
10

 cm·Hz
1/2

·W
-1

at 200K. For λ=3.0m, D* 

for Sample B is 2.0×10
8
 cm·Hz

1/2
·W

-1
 at 290K and increases to 1.0×10

9
 cm·Hz

1/2
·W

-1
at 

200K. These values are also plotted in Figure 5-26 to compare to other InP based type-II 
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quantum well photodiodes and other commercially available photodetectors. The 

performance is comparable with that of other commercially available photodetectors.  

Compared to the lattice matched Sample A, the D* performance of Sample B is inferior 

because of the higher defect density in the absorption region. Since strain compensated 

quantum wells can be grown on InP substrate without lattice mismatch layers, the defects 

in the quantum wells can be further eliminated with optimized growth, and better 

performance would be expected. 

 

Figure 5.26 Comparison of the detectivities of Sample B at 2.7µm and 3µm (star) with that of Sidhu’s 

device (dot) [34], Sample A at 2.4µm (triangle) and various other infrared detectors 

 

     To understand the noise performance limitations of Sample B, the total noise current 

spectrum densities at room temperature are measured as a function of reverse bias as 

shown in Figure 5-27. Also for a direct comparison, the sum of the thermal noise and shot 

noise calculated based on equation (5.6) and (5.7) is also shown in Figure 5-27.  
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𝑖𝑡𝑒𝑟𝑚𝑎𝑙
2 =

4𝑘𝑇Δ𝑓

𝑅
 (5.6)  

𝑖𝑠𝑜𝑡
2 = 2𝑒𝐼Δ𝑓 (5.7)  

     As shown in Figure 5-27, the total measure noise is larger than the sum of thermal 

noise and shot noise. Moreover, the gap between each other increases significantly as 

reverse bias increases. This phenomenon indicates there are some other noise sources 

such as generation-recombination noise and 1/f noise contributing the total noise of the 

photodiode, which may be related to defects in the absorption region.  

 

Figure 5.27 Noise versus reverse bias for a 180 diameter Sample B measured at room temperature 

 

      The blackbody responsivity (BR) and blackbody detectivity (BD*) versus the reverse 

bias are shown in Figure 5-28, in which the blackbody detectivity is defined as: 
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BD∗ =

BR A

Sn
 (5.8)  

 

In Figure 5-28, blackbody responsivity increases positively with reverse bias. However, 

responsivity will saturate when the reverse bias is higher than -0.5V, since the total 

number of e-h pair generated is roughly constant regardless of increase in the reverse bias. 

Furthermore, Figure 5-28 demonstrates that the device achieves optimum performance 

with a reverse bias around -0.5V. If the voltage is increased, the noise of the device 

increases more rapidly than responsivity increases for the device. For lower biases, the 

optical response drops faster than the reduction in the device noise. 

 

Figure 5.28 Blackbody responsivity and blackbody detectivity of Sample B versus reverse bias for a 

180 diameter device measured at room temperature 

 

      If the operation temperature of the Sample B is reduced to 200K, the optimized 

reverse bias decreases to 0.2 V because of the smaller bias required to deplete the 
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absorption region. Similar phenomena happened to Sample A. But the optimized 

operation reverse bias of Sample A at room temperature is around -0.05V (not -0.5V), 

since Sample A have lower back ground doping concentration and better crystal quality 

in the absorption region.  

 

5.4 New Strain Compensated Quantum Wells Photodiode (Sample C) 

5.4.1 Introduction and Device Design 

     As indicated in Figure 3-12, even though longer wavelengths can be achieved by 

using thick InGaAs layers and very high Sb composition in the GaAsSb layer, the light 

absorption is weak due to a small wave function overlap between electron and hole. 

Therefore, there are some limitations by using the conventional strain compensated 

MQWs. In this section, the design and performance of a new strain compensated type-II 

quantum wells photodiode will be discussed, which has some potential advantages over 

the conventional strain compensated MQWs. 
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Figure 5.29 (a) the structure of conventional strain compensated MQWs, (b) the structure of new 

strain compensated MQWs 

 

 The difference between this new strain compensated MQWs structure and the 

previous conventional strain compensated MQWs structure is shown in Figure 5-29. 

Compared with the conventional strain compensated quantum wells structure, strain 

compensation is achieved by incorporating a tensile strained barrier layer between a set 

of compressively strained quantum wells. And the total strain of type-II quantum wells 

and the barrier layer is also set to zero. This enables the growth of thick absorption 

regions. In the conventional strain compensated MQWs, the spatially-indirect type-II 

transition occurs between the conduction band states in tensile strained layer and valence 

band states in the compressively strained layer, while in the new strain compensated 

MQWs, that transition occurs between the two compressive strained layers. The 

advantages of the new strain compensated structure will be discussed below. 



87 
 

 

 

Figure 5.30 Transition wavelength v.s Sb composition of 5nm InGaAs/5nm GaAsSb type-II quantum 

well with difference net compressive strain 

 

Figure 5-30 plots the transition wavelength as function of Sb composition in the 5nm 

InGaAs/5nm GaAsSb type-II quantum wells with different net strain, which is simply 

defined as below:  

𝜀 =
 𝜀𝑖𝑡𝑖
𝑛
𝑖=1

 𝑡𝑖
𝑛
𝑖=1

 (5.9)  

As indicated in Figure 5.30, with net compressive strain in the layers where the type-II 

transition takes place, the detection wavelength is expected to be longer than that of zero 

net strain structures (conventional strain compensated structure) with the same Sb 

composition in GaAsSb layer. Moreover, due to the well-known Sb segregation effect in 

the epitaxial growth process [111, 112], growth of GaAsSb with high Sb composition is 

challenging [113, 114]. This approach shows the advantage over the previous strain 
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compensated method by requiring lower Sb composition in GaAsSb layer while 

achieving similar detection wavelength. 

 

 

Figure 5.31 Schematic diagram for Sample C 

 

A new strain compensated structure (sample C) is designed as shown in Figure 5-31. I 

used two 5nm In0.75Ga0.25As layer and one 5nm GaAs0.35Sb0.65 as the compressively 

strained quantum well for MWIR absorption, and used 6.8nm tensile strained In0.2Ga0.8As 

barrier to compensate the compressively strain quantum well. Given the complication of 

this structure, only 20 periods of quantum wells are initially designed and grown. 

Material composition and thickness of layers were verified using high resolution X-ray 

diffraction (HRXRD) as shown in Figure 5-32. Compared the X-ray diffraction 

experimental results with fitting data, it was found that both the In composition in the 

compressive InGaAs layer and Sb composition in the compressive GaAsSb layer are 
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lower than the design values. According to the new fitted composition values, the 

transitions between the lowest energy states in InGaAs and GaAsSb for Sample C are 

expected to occur around 0.41eV, which corresponds to a cut-off wavelength of 3.0 µm. 

 

 

Figure 5.32 HRXRD data of Sample C of 20 pairs of type-II quantum wells 

 

5.4.2 DC Characteristics 

The dark current-voltage (I-V) characteristics of the device with 130µm diameter are 

shown in Figure 5-33. Device has the dark current density of 2.6mA/cm
2
 at 290K at -

0.5V, and decrease to 6.63µA/cm
2
 at 200K. The dark current density of this device is 
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slightly lower than that of the conventional strain compensated Sample B, due to the fact 

that this structure has a thinner absorption region. An Arrhenius plot of the dark current at 

-0.5V is shown in Figure 5-34. A good exponential fit to the data suggests that single 

activation energy of around 0.33eV dominates the dark current. Also the values of R0A 

product for the device at different temperatures are shown in Figure 5-34. The R0A 

product at 290K is 42Ω·cm
2
, and it increases to 16800Ω·cm

2
 at 200K. From 200K to 

290K, the R0A shows an Arrhenius type behavior with activation energy of 0.33eV, 

which is very close to the activation energy of the dark current at -0.5V. 

 

Figure 5.33 Dark current of Sample C versus voltage with 130µm diameter measured at different 

temperatures 
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Figure 5.34 Arrhenius plots of the dark current at -0.5V and the R0A product for 130µm diameter 

Sample C 

 

5.4.3 Optical Characteristics 

The normal incident photo response at 0V and -0.5V biases are measured at 

temperatures between 200K and 290K as shown in Figure 5-35(a) and Figure 5-35(b).  

The device has optical response out to 3.1µm at 290K, close to the theoretical prediction 

based on the XRD fitted composition values. The response peak red shifts with an 

increase in temperature, because of the band gap reduction of each quantum well layer at 

higher temperature. It is consistent with the phenomena of Sample A and Sample B. As 

we can see in Figure 5-35, the responsivity increases when the device is reversed biased. 

Further increase in reverse bias beyond -0.5V does not significantly increase the device 

responsivity.  
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(a) 

 

(b) 

Figure 5.35 Normal incident photo response of the sample C at different temperatures (a) with zero 

reverse bias, (b) with 0.5V reverse bias 
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Figure 5.36 Blackbody responsivity of Sample C under different bias versus temperature 

 

   A unique feature of the Sample C is that its responsivity decreases as the temperature 

decreases which is a different than observed in Samples A and B. There is no critical 

temperature point as in Sample A and Sample B shown in Figure 5-9 and Figure 5-22. As 

the blackbody responsivity shown in Figure 5-36, the responsivity at -0.5V is always 

higher than the responsivity at 0V under temperature from 200K to 290K, which 

indicates that higher electrical field is necessary to improve carrier collection efficiency. 

This behavior is also different from that of Sample A and Sample B. The unique band 

structure of Sample C due to additional tensile barrier could be the cause of these effects. 

As shown in Figure 5-37 for the band alignment of Sample C, the conduction band of 
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tensile InGaAs barrier is lower than the conduction of GaAsSb layer. The photo 

generated carriers could be recaptured in the tensile InGaAs barrier and get recombined 

with defects after getting out of the compressive InGaAs quantum well if the electrical 

field is low. Under high electrical field, the photo generated carriers could be swept 

across the absorption region faster and have lower possibility to get recaptured. This is 

why responsivity under low bias is always lower than the responsivity under high bias for 

temperature from 200K to 290K. Therefore, it can be concluded that Sample C requires a 

higher electrical field than that of Sample A and Sample B, in order to collect the photo 

generated carriers efficiently. This may be undesirable, since higher electrical fields can 

lead to an increase in the dark current and dark noise of the device. 

 

Figure 5.37 Band Alignment of the new strain compensated quantum wells in Sample C 



95 
 

 

The dark noise spectrum densities of Sample C versus temperature under both 0V bias 

and -0.5V bias were also measured as shown in Figure 5-38. Compared with dark noise 

performance of Sample A and Sample B, the noise of Sample C does not decrease 

significantly when temperature decreases. The potential reason may be due to the high 

defect density in the absorption region based on the certification data from IQE. Further 

optimizing the growth condition would be necessary in order to get the good quality 

epilayer.  

 

Figure 5.38 Dark noise spectrum densities versus temperature under 0V bias and -0.5V bias for 

Sample C 
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       The specific detectivity (D*) versus wavelength at 290K is shown in Figure 5-39 

compared with that of Sample B. D* for Sample C is 2.3×10
9
 cm·Hz

1/2
·W

-1
at λ=2.7 m at 

290K under 0V bias, but this value does not increase when temperature decreases to 

200K, due to the noise performance. This value is comparable with the detectivity of 

Sample B at λ=2.7 m at 290K under optimized bias (-0.5V), which is 1.4×10
9
 

cm·Hz
1/2

·W
-1

. 

      In conclusion, the new strain compensation approach used in Sample C can be used in 

terms of extending detection wavelength or reducing the Sb composition in GaAsSb 

layers. However, epilayer growth condition of Sample C still needs further improvement 

in order to achieve desirable performance. 

  

Figure 5.39 Detectivities of Sample C versus wavelength under 0V bias and -0.5V bias compared with 

that of Sample B at 290K 
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5.5 Summary 

    I have discussed three InP based InGaAs/GaAsSb type-II quantum wells 

photodiodes in this chapter. Systematic studies on electrical and optical characteristics of 

these devices were performed. The important parameters of these photodiodes are 

summarized in Table 5-3 as below.   

Table 5-3 Performance of different InP based type-II Quantum wells Photodiodes 

Device Dark Current Density  R0A (Ohm·cm2) Cut-off 

wavelength 

Specific 

Detectivity 

Sidhu’s 

device [34] 

5mA/cm2 at 295K  50 Ohm·cm2 at 295K Around 2.5μm 

at 295K 

3.8×109 Jones at 

2.2μm at 295K 

13.3μA/cm2 at 200K  NA 5.6×1010 Jones at 

2.17μm at 200K 

Sample A 1.66mA/cm2 at 290K  50 Ohm·cm2 at 290K Around 2.7 μm 

at 290K 

3.28×109 Jones at 

2.4m at 290K 

4.89µA/cm2 at 200K 18,000 Ohm·cm2 at 200K 1.51×1011 Jones at 

2.4m at 200K 

Sample B 9.7mA/cm2 at 290K 72 Ohm·cm2 at 290K Around 3.2 μm 

at 290K 

1.4×109 Jones at 

2.7m; 

 2.0×108 Jones at 

3m  at 290K 

58.6µA/cm2 at 200K 2,090 Ohm·cm2 at 200K 1.5×1010 Jones at 

2.7m; 

 1.0×109 Jones at 

3m  at 200K 

Sample C 2.6mA/cm2 at 290K 42Ω·cm2 290K Around 3.1 μm 

at 290K 

2.3×109 Jones at 

λ=2.7m at 290K 6.63µA/cm2 at 200K 16800Ω·cm2 at 200K 
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    The lattice matched Sample A has optical response out to 2.7µm, which is longer than 

that of the device with lattice matched 5nm InGaAs/ 5nm GaAsSb quantum wells 

absorption. The detectivity for Sample A is 3.28×10
9
 cm·Hz

1/2
·W

-1
at λ=2.4 m at 290K 

and increases to 1.51×10
11

 cm·Hz
1/2

·W
-1

at 200K. The strain compensated Sample B has 

an optical response out to wavelength of 3.2 µm, which is longer than that of Sample A, 

as we expected. The detectivity for Sample B is 2.0×10
8
 cm·Hz

1/2
·W

-1
at λ=3.0 m at 

290K and increases to 1.0×10
9
 cm·Hz

1/2
·W

-1
at 200K. The new strain compensated 

Sample C is initially designed in order to extend the detection wavelength or reducing the 

Sb composition in GaAsSb layers. And the detectivity performance of Sample C at 290K 

is comparable with that of Sample B. However, given the crystal quality, no improvement 

of the performance of Sample C was observed at lower temperature. Therefore, further 

improvement of the crystal quality is necessary in order to explore the full advantage of 

this new strain compensated design.  
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Chapter 6: Carrier Dynamics Study of InP based 

PIN Photodiodes with InGaAs/GaAsSb Type-II 

Quantum Wells  

6.1 Introduction 

One of the limitations of these InP based type-II quantum wells photodiodes is their 

quantum efficiency. For a PIN photodiodes, quantum efficiency (ηext) is given as in 

Chapter 4.  

 η =  1− R  1− e−αd ηcoll                                               
(6.1)  

where ηcoll is carrier collection efficiency, R is the optical reflectivity, α is the absorption 

coefficient of the light and d is the width of the absorption region. The optical reflectivity 

can be minimized by the using an antireflection coating [115], and light absorption can be 

enhanced by increasing the thickness of the absorption region. In order to further improve 

the quantum efficiency, the carrier transport mechanism needs to be well understood in 

order to improve the carrier collection efficiency.  

In this chapter, two structures were designed to study the effects of thermionic 

emission and phonon assisted tunneling on the performance of InP based photodiodes 

with InGaAs/GaAsSb type-II quantum well absorption regions. Based on the comparison 

of the responsivity of the two different device structures, I show that thermionic emission 

is the dominant carrier transport mechanism for these quantum well structures. 
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6.2 Carrier Collection Efficiency Modeling  

To understand effects that these two thermionic emission and phonon assisted 

tunneling have on the quantum efficiency, I created a model to calculate the carrier 

collection efficiency any photodiode with quantum well absorption regions.  

In order to accurately model the carrier dynamics of an N period quantum wells 

absorption region, I defined a set of rate equations describing carriers which, once they 

escape from a well, can either be captured by the left or right adjacent well (with 

probabilities of 1-pl and 1-pr  respectively ) as below. 

 dqk

dt
= Gk −  

1

τl
+

1

τr
+

1

τ
+

1

τt
 qk

+
1− pl

pl
 

pl
m

(τl + m × tdrift )
qk+m

m≥1

+
1

τt
qk+1

+
1− pr

pr
 

pr
m

(τr + m × tdrift )
qk+m

m≥1

 

 

(6.2)  

In equation (6.2), qk(t) represents the number of carriers in the k
th
 well (k=1, 2, 3,..., 

N), τ is the carrier lifetime, τl and τr are the thermionic emission time to overcome the left 

and right barrier respectively, τt is the phonon assisted tunneling time from the k+1
th

 well 

to the kth well, which is the mean tunneling time of the electrons,  Gk = Ik ∙ α ∙ d is the 

generation rate in the k
th
 well due to the absorption of light, tdrift is the time to drift one 

period of quantum well. Ik is optical photo flux rate in the k
th

 well, and α is the absorption 

coefficient. 

These equations can be simultaneously solved for qk under steady state conditions and 

used to calculate the quantum efficiency (η) and carrier collection efficiency (ηcoll) with 

the following expressions: 
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η =  𝑞𝑖 ∙
𝑝𝑙
𝑖−1

𝜏𝑙 +  𝑖 − 1 𝑡𝑑𝑟𝑖𝑓𝑡

𝑁

𝑖=1

 
(6.3)  

ηcoll =
η

1 − 𝑒−𝛼𝑑
 (6.4)  

 

The thermionic emission time τl, τr was derived in [116] as shown below, assuming a 

thermal distribution of carriers. 

  

τl,r =  
2πmeLQW

2

kB T
 

1/2

exp  
El,r

b − E1

kB T
  (6.5)  

 

 

 

In this expression, me is the effective mass of electrons in the quantum well, E1 is the 

lowest lying quasi-bound state in the well, El,r
b  is the left or right barrier energy. This 

expression is derived using the assumption that only the ground well state is populated. 

This assumption is applicable for the photodiodes, since the quantum efficiency of 

photodiodes is generally measured with small optical power illumination. The phonon 

assisted tunneling time is hard to calculate from first principles since it depends on a 

number of factors that are not well known (e.g., the in-plane wave vector ki of the initial 

and the final subband state [102]). As a result, I used t to represent the average phonon 

assisted tunneling time.   

These equations (6.1-6.5) can be used to study the dynamic of thermionic emission and 

phonon assisted tunneling process in the multiple quantum wells (MQW) structure, if the 

thermionic emission time and phonon assisted tunneling time are known. Moreover, the 

quantum efficiency of MQW photodiodes can also be calculated.  
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6.3 Experiment Design 

     Two different PIN photodiodes were designed, grown in an MBE reactor, fabricated, 

and characterized in order to study the carrier dynamics. Both samples use a one hundred 

pairs In0.53Ga0.47As/GaAs0.5Sb0.5 quantum well absorption region. The thicknesses of the 

InGaAs and GaAsSb quantum well layers are 7 nm and 5 nm respectively. The difference 

between the two structures is the 50nm layer adjacent to the n-InGaAs contact layer. It is 

a 50nm InP layer for structure D, and a 50nm GaAsSb layer for structure E as shown 

below in Figure 6.1(a) and Figure 6.1(b).  

  

(a) (b) 

Figure 6.1 InP based type-II Quantum well photodiodes structure for carrier study (a) Sample D 

with a 50nm InP barrier (b) Sample E with a 50nm GaAsSb barrier 

 

     Since InP and GaAsSb have different energy heights with respect to the adjacent 

quantum wells, the effects of the two carrier transport mechanism can be studied. If 

phonon-assisted tunneling is the dominant carrier mechanism, the expected carrier 

transport for absorbed carriers is shown in Figure 6.2. 

  



103 
 

 

 

(a) 

 

(b) 

Figure 6.2 (a) Carrier transport in type-II quantum well structure in sample D if phonon-assisted 

tunneling dominates (b) Carrier transport in type-II quantum well structure in sample E if phonon-

assisted tunneling dominates 

 

     In Figure 6.2, we can see electrons transport to the last quantum well before the n-

region by phonon assisted tunneling. At this point, the only way for these electrons to be 

collected is by thermionic emission, since the last barrier (50nm InP or GaAsSb) is too 

thick for efficient tunneling. Given that GaAsSb has a higher barrier height; it is expected 

to have a smaller quantum efficiency, since carriers in sample E would stay in the last 

well for a longer time leading to a lower carrier collection efficiency.     
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    If thermionic emission is the dominant mechanism, the expected carrier transport for 

absorbed carriers is shown in Figure 6.3. Once the electrons leave a well, they travel with 

the energy above the barriers until they are collected.  In this case, it is expected that no 

difference in quantum efficiency will be observed between the two structures.  

 

 

(a) 

 

(b) 

Figure 6.3 (a) Carrier transport in type-II quantum well structure in sample D if thermionic emission 

dominates (b) Carrier transport in type-II quantum well structure in sample E if thermionic 

emission dominates 

 

The model developed in Section 6.2 was used to verify the analysis above. Here the 

following assumptions were made: the carrier lifetime is 10ns, capture probability by the 

left neighboring well is 0%, capture probability by the right neighboring well is 100% 
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[117, 118], the electrical field in the absorption region is 1.8×10
4
 V/cm and the 

absorption coefficient is 3000cm
-1

. These values are typical values for PIN type-II 

quantum wells photodiodes based on the theoretical calculation [78] and experimental 

data [34, 80]. Since the goal here is to investigate whether the phonon-assist tunneling or 

thermionic emission is the dominant carrier transport mechanism, the carrier collection 

efficiency as a function of the ratio between phonon-assist tunneling time and the 

thermionic emission time was calculated and shown in Figure 6.4 for Samples D and E. 

From Figure 6.4, we can conclude that when phonon-assist tunneling is the dominant 

transport mechanism (R<<1), the carrier collection efficiency of Sample D will be larger 

than that of Sample E. If thermionic emission is the dominant transport mechanism (R>1), 

the carrier collection efficiencies of Samples D and E will be similar.  

Generally speaking, the method used here to study the carrier dynamics in MQWs, is 

not just limited to these InP based type-II MQWs, and it can be generalized to any other 

MQWs as long as the lattice matched materials with different energy barriers are 

available on such substrate. 
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Figure 6.4 the carrier collection efficiency as a function of the ratio between phonon-assist tunneling 

time and the thermionic emission time 

 

6.4 Experimental Results 

Material composition and thickness of layers for Samples D and E were verified using 

high resolution X-ray diffraction (HRXRD) as shown in Figure 6.5. The appearances of a 

large number of satellite peaks suggest that both structures are of high quality and have 

abrupt interfaces in the absorption region.  Moreover, the positions of satellite peaks in 

both samples are similar, which indicates the type-II quantum wells in absorption region 

of both samples should have similar material compositions, layer thicknesses, and 

absorption beyond 1800nm.  
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Figure 6.5 HRXRD /2 of sample D and sample E with 100 pairs of 7nm In0.53Ga0.47As/5nm 

GaAs0.5Sb0.5 

 

Devices with top-illuminated mesas were fabricated (see Appendix A for details). No 

antireflection coating was used for either device, in order to minimize the uncertainty in 

the measurements.    
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Figure 6.6 Dark current of 350 µm devices for each structure at room temperature 

 

Two devices with diameter of 350µm were wire bonded on the same TO-header. The 

dark current of both devices at room temperature are shown in Figure 6.6. The normal 

incident photo response for both devices was measured at temperatures between 200K 

and 290K, as shown in Figure 6.7. It was observed that both devices have very similar 

responsivity, which indicated the energy height of the barrier layer near n-region does not 

block the photo generated carrier being collected. Therefore, it can be concluded that the 

carrier transport mechanism is dominated by thermionic emission. 
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(a) 

 

(b) 



110 
 

 

(c) 

Figure 6.7 (a) Normal incident photo response of the device at different temperatures, at reverse bias 

of -1V for Device A. (b) Normal incident photo response of the device at different temperatures, at 

reverse bias of -1V for Device B. (c) the photo responses of both devices at 200K on the same plot 

 

6.5 Conclusions 

The carrier transport mechanisms in InGaAs/GaAsSb type-II quantum wells were 

studied by comparing the responsivity beyond 1800nm of two PIN photodiodes with 

different energy barrier before the n-region. The results show that thermionic emission is 

the dominant carrier transport mechanism in photodiodes using InGaAs/GaAsSb 

quantum well absorption regions. Knowing that, more complicated structures using these 

type-II quantum wells can be designed to achieve better performance. 
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Chapter 7:  Conclusions and Future Work 

7.1 Conclusions 

      The objective of this dissertation is to exploit the advantage of the InP based 

InGaAs/GaAsSb type-II quantum wells photodiodes in order to achieve high performance 

and high operating temperature photodiodes for short-wave infrared (SWIR) and mid-

wave infrared (MWIR) detection. The performance of these photodiodes indicates that 

they are very promising alternatives to other infrared photodiodes. The mature processing 

and epi-layer growth technologies on InP substrates can lead to high uniformity and high 

performance for near room temperature operation. In the dissertation, I have discussed 

the design and performance of different InP based InGaAs/GaAsSb type-II quantum 

wells photodiodes. The first InP based photodiode using interband absorption was 

demonstrated with optical response beyond 3µm at room temperature without lattice 

mismatch issue. 

      Due to the complication of the type-II quantum wells structure design, the six-band 

k·p method was described and discussed in terms of detection wavelength and wave 

function overlap optimization. Based on the simulation, it is found that in order to 

maximize the transition wavelength and wave function overlap under strain compensated 

condition, the thickness of the InGaAs layer should be larger than that of the GaAsSb 

layer, and the GaAsSb layer should be compressively strained, while InGaAs layer 

should be tensile strained. Furthermore, the additional compressive strain in the quantum 

wells can help extend the detection wavelength or reduce the Sb composition in GaAsSb 

layers. 
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     The comparison of the PIN photodiodes for the SWIR/MWIR spectral regions using 

strain compensated InGaAs/GaAsSb QWs and lattice matched InGaAs/GaAsSb QWs 

was presented in this dissertation. The research has shown that the device with 100 pairs 

of 7nm In0.34Ga0.66As/5nm GaAs0.25Sb0.75 strain compensated type-II quantum wells 

absorption region has an optical response out to 3.2µm, while the device with 100 pairs 

of 7nm In0.53Ga0.47As/5nm GaAs0.5Sb0.5 lattice matched type-II QWs absorption region 

has an optical response out to 2.7µm. The strain compensated devices show detectivity of 

1.4×10
9
 cm·Hz

1/2
·W

-1 
at λ=2.7 m at 290K and 1.5×10

10
 cm·Hz

1/2
·W

-1 
at 200K. For 

λ=3.0m, the detectivity D* is 2.0×10
8
 cm·Hz

1/2
·W

-1
 at 290K and increases to 1.0×10

9
 

cm·Hz
1/2

·W
-1

at 200K. They are the first results at 3m demonstrated on InP substrate 

using interband absorption but without using lattice-mismatched layers. Furthermore, the 

new strain compensated InGaAs/GaAsSb QWs PIN photodiodes was studied, which has 

the similar detection wavelength compared to conventional strain compensated Sample B 

but with lower Sb composition in the GaAsSb layer. The detectivity performances of all 

these devices along with Sidhu’s initial device [34]  are plotted in Figure 7.1 for summary.  

     Moreover, the carrier transport mechanism in the type-II quantum wells was studied in 

order to improve the carrier collection efficiency, and results show that the thermionic 

emission is the dominant way for the photo generated electrons to get out of the quantum 

wells.   
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Figure 7.1 Comparison between the detectivities of Sidhu’s device (dot), Sample A (triangle), Sample 

B (5-point star) and Sample C (7-point star) with that of various other infrared detectors 

 

7.2 Future Work 

        The InP based type-II photodiodes discussed in the dissertation shows very 

encouraging results. Moreover, there is still room for improvement in device performance 

in terms of improving the detectivity performance and extending the detection 

wavelength. Some of the future works are recommended as below: 

7.2.1 Optimize the Structure of New Strain Compensated Sample  

     The new strain compensated Sample C has been demonstrated to achieve similar 

detection wavelength compared to Sample B, but with lower Sb composition in the 

GaAsSb. However, the advantages of this new strain compensated structure have not 

been fully explored yet, since the potential to detect long wavelength beyond 4µm has not 
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been realized. Further work of growing strained InGaAs and GaAsSb layers with high 

crystal quality and required composition are necessary. Moreover, the selection of the 

tensile barrier layer can be further optimized in order to minimize the carrier recapture 

probability, thus improving the carrier collection efficiency at low reverse bias. Using a 

tensile barrier such as AlAsSb or GaInP with similar conduction band alignment with 

compressive strained GaAsSb layer may reduce the recapture probability. 

7.2.2 InGaAs(N)/GaAsSb Type-II Quantum Wells for MWIR Detection 

The quaternary dilute nitride material InGaAsN is one of the candidates to extend the 

operation wavelength. It has been demonstrated for 1.3µm emitting diodes lasers on 

GaAs substrate [119] and InGaAsN-GaAsSb type-II quantum wells on GaAs substrate 

have also been realized with emission wavelength beyond 1.5µm [120, 121]. It has been 

found that replacing a small amount (<5%) of the As with nitrogen in the InGaAs 

compound reduced the energy gap and modified the electronic structure due to its large 

bowing factor [122, 123]. The type-II quantum well structure with the dilute-N InGaAsN 

on InP substrate can also further extend the detection wavelength based on the band 

anticrossing (BAC) model [122] and the six-band k·p method calculations as shown in 

Figure 7.2. 
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Figure 7.2 Transition wavelength as a function of N% in the InGaAsN layer 

 

 Figure 7.2 shows how the transition wavelength increases as the nitrogen 

concentration changes in the lattice matched 5nm In0.53Ga0.47As1-xNx/5nm GaAs0.5Sb0.5 

quantum wells. It is possible to cover the whole MWIR range by incorporating N into the 

InGaAsN layer based on Figure 7.2. However, growing high quality, high N 

concentration InGaAsN layer on InP substrate is also challenging [124, 125]. 

7.2.3 Resonant Cavity Enhanced (RCE) Photodiodes 

The total number of the type-II quantum wells can be increased to enhance the 

quantum efficiency of the photodiodes. However, a higher operation voltage may be 

required in order to fully deplete the absorption region, if the background doping 
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concentration is not minimized. Furthermore, the dark current would increase and carrier 

collection efficiency would decrease if the thickness of the absorption region is increased. 

The trade-offs are undesirable in terms of optimize the detectivity of the photodiodes.  

Resonant cavity enhanced structure provides an alternative way to improve the 

quantum efficiency. In resonant cavity enhanced structures, the absorption region is 

sandwiched between two mirrors. High quantum efficiency can be achieved with thin 

absorption region. The main challenge of this structure is meeting the requirements for 

the mirrors needed for absorption enhancement. The mainstay mirror technology for RCE 

photodiodes is the Distributed Bragg Reflector (DBR). These mirrors use the index of 

refraction difference between two layers to achieve the needed reflection. Since the index 

of refraction difference between the materials lattice-matched to InP substrate is small, 

very thick mirrors are needed for MWIR operation, which is not a valuable option [126]. 

Therefore, different approaches to design the high performance mirror for the MWIR 

range should be further investigated. 

7.2.4 Heterogeneous Integration of Type-II p-i-n Photodiodes on a Silicon-on-

Insulator Waveguide Circuit 

     Integration of the discrete optoelectronic components on a waveguide platform would 

open opportunities for a whole new range of applications for mid-wave infrared systems. 

Silicon photonics has many advantages including low cost and direct compatibility with 

CMOS processing. It has been demonstrated to be compatible for fabrication with 

photonics integrated circuits in the telecommunication wavelength range [127]. Given its 

transparency from 1.2 to 3.5µm, it is possible to realize integrated the SWIR/MWIR 

spectroscopic systems on the platform by combining active optoelectronic devices on 
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silicon on insulator passive waveguide circuits. Since the InP based devices have been 

bonded to SOI wafer using wafer bond technology [127], it should also be possible to 

bond the InP based type-II quantum wells photodiodes on the SOI waveguide circuit 

similar to the schematic shown in Figure 7.3. 

 

Figure 7.3 Cross-section schematic of the device 
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Appendix A: Process Flows 

Photodiodes with top-illuminated mesa can be fabricated from the wafer using the 

standard process flow as below. 

No. Step Mask Description Comment 

1. 1 Cut and mark 

wafers 

 Cut wafers, scratch and mark on rear side of wafer   

2. 2 Clean -  Rinse consecutively in   

- Acetone 

- Isopropanol (IPA) 

- DI water (DI) 

- Blow dry with nitrogen      

 

3. 3 PECVD SiO2  Deposit ~2000 Å SiO2  PECVD, SiO2p35t.prc 

20min 

4. 4 Clean  See 2  

5. 5 Bake-out  Bake-out solvent on hotplate: 130OC, 5 min  

6. 6 Spin PR  Spin promoter HMDS 

Spin photo resist AZ5214 with 4000rpm for 40sec 

Pre-bake: 90°C, 3min 

 

7. 8 Clean mask 

and bake out 

solvents 

 Put mask in PR stripper, rinse DI 

Blow dry with nitrogen, bake out solvents 100OC in oven 

 

8. 9 Align and 

Expose 

Mesa Align and expose 55 secs, soft contact, on MBJ4 aligner  

9. 1

1 

Develop  Develop 30 sec in AZ300K, put in DI, blow nitrogen  

10. 1

2 

Post-bake  Post-bake hotplate: 110OC, 3 min  

11. 1

3 

Etch SiO2  Etch 2 min in BOE (10 : 1), DI, blow nitrogen  

12. 1

4 

Remove PR  Rinse: Acetone, IPA, DI, then nitrogen blow dry  

13. 2

2 

Wet etch  InP wet etch: HCl: H3PO4=1:3 around 35s, to remove the 

p-InP region 
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H3PO4:H2O2:H2O=1:1:10 for 2mins to etch i-

InGaAs/GaAsSb region and stop at n-InP, 

HCl: H3PO4=1:3 around 10s, to etch the n-InP region 

14. 2

4 

Remove SiO2   BOE 2mins  

15.  SiO2 

passivation 

 Deposit ~2000 Å SiO2, the appropriate thickness of SiO2 

can be used as AR coating for the photodiodes. 

PECVD, SiO2p35t.prc 

20min 

16. 4 Clean  See 2  

17. 5 Bake-out  Bake-out solvent on hotplate: 130OC, 5 min  

18. 6 Spin PR  Spin promoter HMDS 

Spin photo resist AZ5214 with 4000rpm for 40sec 

Pre-bake: 90°C, 3min 

 

19. 2

7 

Align and 

Expose 

PN 

metal 

Align and expose 55 sec, soft contact, on MBJ4 aligner  

20. 2

9 

Develop  Develop 30 sec in AZ300K, put in DI, blow nitrogen  

21. 1

3 

Etch SiO2  Etch 2 min in BOE (10 : 1), DI, blow nitrogen  

22. 3

0 

p-n metal 

deposition 

 Deposit:400ǺTi, then 1000Ǻ Au   e-beam evaporator 

23. 3

1 

Lift off  Remove PR: put wafer in Acetone,  use shortly ultrasonic 

bath 

24. 3

2 

Rinse   Rinse in Acetone, IPA, DI, then N2 blow dry Rinse  

 

 In the process flow above, positive photo resist AZ 5214 is used for photolithography. 

The recipe for negative photo resist NLOF 2020 is shown below for convenience. 

1) No HMDS 

2) Spin NLOF 2020 5.5 k rpm for 30s 

3) Soft bake at 110 C for 1min 
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4) Expose 0.5s on MBJ4 aligner 

5) After exposure bake at 110 C for 1mins  (DO NOT FORGET THIS STEP) 

6) Develop AZ 300 MIF approx 30s check before 

7) Post Bake 100 C for 90s 

 Moreover, in the standard process flow, the photodiodes was passivated with SiO2, as 

supplementary, passivation with 1000nm SU-8 is also discussed. Generally speaking, 

when SU8 is used to passivate the photodiodes, metal contacts can be processed first, and 

some simple tests such as I-V measurement can be performed on these devices. Then 

SU8 is spun on the whole wafer to passivate the photodiodes. In order to open a window 

for metal contact, SU-8 developer is used to develop the SU-8 on the top of the metal. 

The recipe for SU-8 passivation is shown below. 

1) Spin HMDS twice 

2) Bake for 10 min at 90 °C 

3) Spin coat SU-8 at 2000 rpm for 40s 

4) Bake for 90s at 90 °C 

5) Expose 30s on MBJ4 aligner 

6) Bake 90s at 90 °C, then wait 2 min 

7) Develop in SU-8 developer 

8) IPA rinse 

9)  Post-bake 130 °C for 2 minutes then 150/160 °C for 15 minutes 

      In addition, thicker gold (such as 500nm) may be used for easier wire bonding, but 

the gold may be hard to get lift off in Acetone. The following recipe using LOR is shown 

below for reference. 

1) Spin LOR3000rpm 30sec  
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2) Bake 5min on 160 °C 

3) Spin your second layer of PR(such AZ5214 ) 

4) Bake for 2 min (depends on what second PR you use) 

5) Develop in AZ400K (1:3) for roughly 1min (closely monitor the development to 

make sure there is the right amount of undercut) 

6) Metal deposition with e-beam evaporator 

7) Lift off in Acetone first with ultrasonic bath, then rinse the LOR in NMP(N-

Methyl-2-pyrrolidone) 

8) IPA rinse 
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[1] Baile Chen, W.Y. Jiang, Jinrong Yuan, A. L. Holmes Jr, Bora. M. Onat.  

“Demonstration of a Room Temperature InP-based Photodetector Operating 
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[2] Baile Chen, W.Y. Jiang, Jinrong Yuan, A. L. Holmes Jr, Bora. M. Onat 

“SWIR/MWIR InP-based PIN Photodiodes with InGaAs/GaAsSb Type-II 

Quantum Wells” IEEE QUANTUM ELECTRONICS, VOL. 47, ISSUE 9, 
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[3] Baile Chen, W.Y. Jiang, A. L. Holmes Jr, “Design of Strain Compensated 
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Optical and Quantum Electronics, Volume 44, Issue 3 (2012), Page 103-109 

[4] Baile Chen, Qiugui Zhou, Dion C.McIntosh, Jinrong Yuan, Yaojia Chen,  Wenlu 
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