
UNIVERSITY OF OKLAHOMA 
 

GRADUATE COLLEGE 
 
 
 
 
 
 
 

INTERBAND CASCADE STRUCTURES FOR INFRARED PHOTODETECTORS 

AND THERMOPHOTOVOLTAIC DEVICES 

 
 
 
 
 
 

A DISSERTATION 
 

SUBMITTED TO THE GRADUATE FACULTY 
 

in partial fulfillment of the requirements for the 
 

Degree of 
 

DOCTOR OF PHILOSOPHY 

 
 
 
 
 
 
 
 
 
 

By 
 

HOSSEIN LOTFI 
 Norman, Oklahoma 

2016 
  



 

 

 

 
 
 
 
 

INTERBAND CASCADE STRUCTURES FOR INFRARED PHOTODETECTORS 
AND THERMOPHOTOVOLTAIC DEVICES 

 
 

A DISSERTATION APPROVED FOR THE 
SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING 

 
 
 
 
 
 
 
 

BY 
 
 
 

    ______________________________ 
Dr. Rui Q. Yang, Chair 

 
 

______________________________ 
Dr. Matthew B. Johnson 

 
 

______________________________ 
Dr. Zhisheng Shi 

 
 

______________________________ 
Dr. J. R. Cruz 

 
 

______________________________ 
Dr. Ian R. Sellers 

 
 
 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

© Copyright by HOSSEIN LOTFI 2016 
All Rights Reserved. 



 

 

 

 

 

 

To my beloved wife, Samineh, and my parents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

Acknowledgements 

My biggest debt of gratitude is to my advisor, Prof. Rui Q. Yang, for his 

unparalleled devotion and efforts on shaping my mindset for scientific research. I would 

like to thank him for his trust and continuing encouragement during the course of my 

Ph.D. to explore various aspects of interband cascade optoelectronic devices. The two 

courses I took with him helped me to build my knowledge base for research on quantum 

engineered devices. Working with him was rewarding and I had a lot of enjoyment and 

fun. I am also thankful to him for supporting me to attend several conferences to present 

our research and have fulfilling interactions with the members of the infrared 

community. 

I would like to thank Prof. Matthew B. Johnson for his dedication to my 

research. Many of the works presented in this dissertation would not have been possible 

without his support, helpful suggestions, and direct efforts. He had a significant impact 

on my knowledge about the design of experiments, instrumentation, and scientific 

writing. I would also like to express my gratitude to Prof. Michael B. Santos for the 

MBE growth of many samples presented in this work.  

During my Ph.D. studies, I had the privilege to work closely with current and 

previous members of Quantum Device Laboratory (QDL) at the University of 

Oklahoma. I worked closely with Dr. Robert T. Hinkey during my first year at OU. He 

helped me to have a quick grasp of the fundamentals of the device theory and related 

experiments. I would also like to thank Dr. Lu Li for the MBE growth and fabrication of 

many of the samples discussed in this dissertation. He has been very generous to offer 

his time to explain the device fabrication and growth to me. I express my gratitude to 



 

v 

Dr. Hao Ye for MBE growth and material characterization of many of the samples 

presented in this work. Many thanks to S. M. Shazzad Rassel. He has been a good friend 

to respond in any need whether it was about my research work or life outside academia. 

I would also like to thank him for his careful proofreading and helpful comments on my 

dissertation draft. I also worked closely with Lin Lei during most of my Ph.D. program. 

He has made significant contributions to the device experiments presented in different 

chapters of this dissertation. I am also grateful to Dr. Yuchao Jiang for the long 

discussions I had with him on the physics of interband cascade lasers and band structure 

modeling.  I also acknowledge Dr. John F. Klem of Sandia National Laboratories; Dr. 

James A. Gupta of National Research Council of Canada; and Drs. Yueming Qiu, Dmitri 

Lubyshev, Joel M. Fastenau, and Amy W. K. Liu of IQE for the MBE growth of some of 

the lasers and detectors discussed in this work. I benefited from close collaborations 

with Dr. Preston R. Larson and Cedric J. Correge for the research on monolithically 

integrated interband cascade lasers and detectors. I learned the basics of SEM and FIB 

from them.  I would also like to thank Drs. Joel C. Keay and Tetsuya D. Mishima for 

their contributions to the device MBE growth and fabrication. I am thankful to Profs. 

Zhisheng Shi, J. R. Cruz, and Ian R. Sellers for serving on my Ph.D. committee and 

their insightful comments and feedback on my general exam and dissertation. 

I would like to express my deepest gratitude to my beloved wife, Samineh, for 

her unconditional love, patience, and support. She has been the main source of hope and 

encouragement in my life and career. Last but not least, I also would like to thank my 

parents for their unconditional love, prayers, and support throughout my life.  



 

vi 

The research presented in this dissertation was supported by funding from DoE 

EPSCoR program (Award No. DE-SC0004523), C-SPIN, the Oklahoma/Arkansas 

MRSEC (Award No. DMR- 0520550), AFOSR (Award No. FA9550-12-1-0260), NSF 

(Award No. ECCS-1202318), AFOSR (Award No. FA9550-15-1- 0067), NSF (Award 

No. DMR-1229678), and NSF (Award No.  DMR-1608224). 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

 

  



 

vii 

Table of Contents 

Acknowledgements ......................................................................................................... iv  

List of Tables ................................................................................................................. xiii 

List of Figures ................................................................................................................. xv 

Abstract ........................................................................................................................ xxvi 

Chapter 1: Introduction ................................................................................................... 28 

1.1 Infrared radiation ............................................................................................ 2 

1.2 Infrared terrestrial bands ................................................................................. 3 

1.3 Infrared photodetectors ................................................................................... 4 

1.3.1 Figures of merit for infrared detectors ...................................................... 7 

1.3.1.1 Responsivity ......................................................................................... 7 

1.3.1.2 Quantum efficiency ............................................................................... 8 

1.3.1.3 Noise ..................................................................................................... 8 

1.3.1.4 Detectivity ............................................................................................ 9 

1.3.1.5 Frequency response ............................................................................. 10 

1.3.2 Different types of infrared detectors ....................................................... 10 

1.3.2.1 Thermal detectors ............................................................................... 11 

1.3.2.1.1 Thermopiles .................................................................................. 12 

1.3.2.1.2 Bolometers .................................................................................... 13 

1.3.2.1.3 Pyroelectric detectors .................................................................... 14 

1.3.2.2 Photon detectors ................................................................................. 14 

1.3.2.2.1 Photoconductors ........................................................................... 15 

1.3.2.2.2 Quantum well infrared photodetectors .......................................... 16 

1.3.2.2.3 Quantum dot IR photodetectors ................................................... 17 

1.3.2.2.4 Photovoltaic detectors ................................................................... 18 

1.3.2.2.5 Barrier infrared detectors .............................................................. 19 

1.3.2.2.6 Quantum cascade detectors ........................................................... 20 



 

viii 

1.3.2.2.7 Multi-junction photodetectors ....................................................... 22 

1.3.2.2.8 Survey of IR photon detectors ....................................................... 23 

1.4 Thermophotovoltaic conversion of infrared radiation .................................. 26 

1.4.1 Background ............................................................................................. 26 

1.4.2 Ultimate conversion efficiency in TPV cells .......................................... 27 

1.4.3 Different components of a TPV system ................................................. 29 

1.4.4 Survey of thermophotovoltaic cells ........................................................ 30 

1.5 Dissertation outline ....................................................................................... 32 

1.6 Bibliography ................................................................................................. 33 

Chapter 2: Interband cascade structures for infrared optoelectronic devices ................. 41 

2.1 Background ................................................................................................... 41 

2.2 6.1 Å material system ................................................................................... 42 

2.2.1 Material properties and band alignments ............................................... 42 

2.2.2 Type-II superlattice ................................................................................ 44 

2.3 Interband cascade lasers ............................................................................... 45 

2.3.1 Operation principles of ICLs .................................................................. 45 

2.3.2 Current status of technology ................................................................... 47 

2.4 Interband cascade infrared photodetectors ................................................... 48 

2.4.1 Background ............................................................................................. 48 

2.4.2 Theory of ICIPs ...................................................................................... 49 

2.4.2.1 Device structure .................................................................................. 49 

2.4.2.2 Device configurations .......................................................................... 50 

2.4.3 Single-single detectors vs. ICIPs ............................................................ 52 

2.4.3.1 Device sensitivity ................................................................................ 52 

2.4.3.2 Device frequency response ................................................................... 58 



 

ix 

2.5 Interband cascade thermophotovoltaic devices ............................................ 59 

2.5.1 Background ............................................................................................. 59 

2.5.2 Theory of ICTPV devices ....................................................................... 60 

2.6 Growth of interband cascade devices ........................................................... 62 

2.7 Fabrication of interband cascade devices ..................................................... 63 

2.8 Bibliography ................................................................................................. 64 

Chapter 3: Long- and very long-wavelength interband cascade infrared photodetectors

 ............................................................................................................................ 70 

3.1 Background and motivation ......................................................................... 70 

3.2 High-operating-temperature ICIPs with ~8 μm cutoff wavelength .............. 72 

3.2.1 Device design, growth and material characterization ............................. 72 

3.2.1.1 Device design, growth, and fabrication ............................................... 72 

3.2.1.2 X-ray diffraction (XRD) ..................................................................... 73 

3.2.1.3 Electroluminescence measurements ..................................................... 74 

3.2.2 Device characterization and discussion .................................................. 76 

3.2.2.1 Electrical measurements ..................................................................... 76 

3.2.2.1.1 Dark current ................................................................................. 76 

3.2.2.1.2 Activation energy .......................................................................... 79 

3.2.2.2 Optical measurements ......................................................................... 82 

3.2.2.2.1 Responsivity .................................................................................. 82 

3.2.2.2.2 Detectivity .................................................................................... 86 

3.3 Long wavelength ICIPs with cutoff wavelength of ~9 μm .......................... 88 

3.3.1 Device structure, growth, and fabrication .............................................. 88 

3.3.2 Electrical performance ............................................................................ 89 

3.3.3 Optical performance ............................................................................... 91 



 

x 

3.3.3.1 Responsivity ....................................................................................... 91 

3.3.3.2 Detectivity .......................................................................................... 93 

3.4 Very long-wavelength ICIPs ........................................................................ 94 

3.4.1 Device design, growth, and fabrication .................................................. 94 

3.4.2 Electrical performance ............................................................................ 95 

3.4.3 Optical characteristics ............................................................................ 97 

3.4.3.1 Responsivity ....................................................................................... 97 

3.4.3.2 Detectivity ........................................................................................ 100 

3.5 Summary and concluding remarks ............................................................. 103 

3.6 Bibliography ............................................................................................... 104 

Chapter 4: Short-wavelength interband cascade infrared photodetectors .................... 107 

4.1 Motivation and background ........................................................................ 107 

4.2 Device design, growth, and fabrication ...................................................... 108 

4.2.1 Design of short-wavelength type-II superlattice absorber .................... 108 

4.2.2 Device design and band structure ......................................................... 110 

4.2.3 Device growth and fabrication ............................................................. 112 

4.3 Device performance and discussion ........................................................... 114 

4.3.1 Electrical characteristics ....................................................................... 114 

4.3.1.1 Dark current ..................................................................................... 114 

4.3.1.2 Size dependency of device dark current and activation energy .......... 115 

4.3.2 Diffusion length in SWIR ICIPs ........................................................... 118 

4.3.3 Optical characteristics .......................................................................... 121 

4.3.3.1 Responsivity ..................................................................................... 121 

4.3.3.2 Detectivity ........................................................................................ 122 

4.4 Summary and concluding remarks ............................................................. 125 



 

xi 

4.5 Bibliography ............................................................................................... 125 

Chapter 5: High-frequency mid-IR interband cascade lasers and photodetectors........ 128 

5.1 Motivation and background ........................................................................ 128 

5.2 Device design, growth, and fabrication ...................................................... 130 

5.3 Low-frequency characterizations ............................................................... 132 

5.3.1 Electrical and optical performance ....................................................... 132 

5.3.2 Gain in ICIPs ........................................................................................ 133 

5.4 High-frequency setup and measurements ................................................... 135 

5.5 Time domain characterizations ................................................................... 141 

5.6 Summary and concluding remarks ............................................................. 143 

5.7 Bibliography ............................................................................................... 144 

Chapter 6: Monolithically integrated mid-IR interband cascade lasers and detectors . 146 

6.1 Background and motivation ....................................................................... 146 

6.2 Device structure and method of forming .................................................... 148 

6.2.1 Base structure for ICLDs ...................................................................... 148 

6.2.2 Device fabrication ................................................................................ 149 

6.2.2.1 Focused ion beam milling of III-V semiconductors ............................ 149 

6.2.2.2 Fabrication of ICLD devices using focused ion beam milling ............ 151 

6.3 Device performance characteristics and discussion ................................... 153 

6.4 Summary and concluding remarks ............................................................. 158 

6.5 Bibliography ............................................................................................... 159 

Chapter 7: Interband cascade thermophotovoltaic devices .......................................... 162 

7.1 Motivation and background ........................................................................ 162 

7.2 Interband cascade thermophotovoltaic devices with bandgap of 0.41 eV . 163 



 

xii 

7.2.1 Device structure, growth, and fabrication ............................................ 163 

7.2.2 Device external quantum efficiency ..................................................... 164 

7.2.3 Photovoltaic characteristics .................................................................. 166 

7.2.3.1 Measurement setup ........................................................................... 166 

7.2.3.2 J-V characteristics of ICTPVs under laser illumination .................... 168 

7.2.3.3 Fill factor and efficiency ................................................................... 170 

7.2.3.3.1 Fill factor .................................................................................... 170 

7.2.3.3.2 Efficiency .................................................................................... 171 

7.2.3.4 Shunt and series resistance ............................................................... 173 

7.2.3.4.1 Series resistance .......................................................................... 173 

7.2.3.4.2 Shunt resistance .......................................................................... 179 

7.3 Narrow-bandgap interband cascade thermophotovoltaic devices with 

bandgap of 0.25 eV ..................................................................................... 181 

7.3.1 Motivation and background .................................................................. 181 

7.3.2 Device structure, growth, and fabrication ............................................ 182 

7.3.3 Device performance .............................................................................. 183 

7.3.3.1 Quantum efficiency ........................................................................... 183 

7.3.3.2 J-V characteristics of TPV devices under laser illumination ............. 184 

7.4 Summary and concluding remarks ............................................................. 189 

7.5 Bibliography ............................................................................................... 189 

Chapter 8: Concluding remarks and research perspective for interband cascade devices

 .......................................................................................................................... 193 

8.1 Summary ..................................................................................................... 193 

8.2 Future works ............................................................................................... 197 

8.3 Bibliography ............................................................................................... 200 

Appendix A: List of publications ................................................................................. 201 



 

xiii 

2 List of Tables 

Table 1-1: Comparison of the detection limit for certain molecules in NIR-SWIR and 

MWIR-LWIR bands. Data from [3]. ................................................................................ 6 

Table 1-2: Summary of main detector technologies for different IR bands. .................. 15 

Table 1-3: Summary of different IR detector technologies and their performance at 

different IR bands. .......................................................................................................... 25 

Table 1-4: Summary of the device performance for different TPV technologies. ......... 32 

Table 2-1: Summary of the material properties for the 6.1 Å material family. μe, μh and 

εs are the electron mobility, hole mobility and static dielectric constant, respectively. All 

data are for 300 K and taken from [9]. ........................................................................... 43 

Table 3-1: Summary of the parameters extracted from HRXRD measurements. .......... 74 

Table 3-2: Summary of activation energies obtained for the three wafers at different 

reverse bias voltages. Numbers in the parenthesis show the temperature range for which 

the activation energies are applicable. ............................................................................ 80 

Table 4-1: Summary of the bulk and surface contributions to the device R0A for 250-340 

K in two- and three-stage ICIPs. .................................................................................. 117 

Table 4-2: Activation energies for different detector sizes of the two- and three-stage 

detectors for 250-340 K. Bulk and sidewall activation energies refer to the Arrhenius fit 

for (R0A)Bulk and ρsw extracted from Equation 4-2........................................................ 117 

Table 4-3: Summary of the measured and extracted parameters for two- and three-stage 

SWIR ICIPs at room temperature and above. .............................................................. 121 

Table 5-1: Summary of the device structure and room temperature performance of 

MWIR ICIPs designed to study the high-frequency operation of ICIPs. ..................... 131 



 

xiv 

Table 5-2: The measured and simulated high-frequency circuit parameters for the IC 

laser working at T=293 K. ............................................................................................ 140 

Table 5-3: Summary of the measured and simulated high-frequency circuit parameters 

for two different-sized ICIPs. The ICIP capacitance (Cd) was deduced from a fit to the 

measurement data. ........................................................................................................ 140 

Table 7-1: Summary of the photovoltaic performance and the related parameters of a 

200×200 μm2 two-stage ICTPV device. ....................................................................... 170 

Table 7-2: Summary of the photovoltaic performance and the related parameters of a 

200×200 μm2 three-stage ICTPV device. ..................................................................... 170 

 

  



 

xv 

List of Figures 

Figure 1-1: Spectral radiance for selected blackbody temperatures. At higher 

temperatures, the spectral radiance is larger at all wavelengths and the peak emission 

wavelength shifts to shorter wavelengths. Values on each curve denote the peak 

emission wavelength at each temperature. The room-temperature bandgap for Si, GaSb 

and InAs are also shown in this figure. ............................................................................ 3 

Figure 1-2: Atmospheric transmission of IR radiation at different wavelengths. 

Transmission data were taken from Gemini observatory website [2]. ............................. 4 

Figure 1-3: Absorbance of different molecules in MWIR and LWIR bands. HITRAN 

data [4] were acquired from http://www.spectraplot.com ................................................ 5 

Figure 1-4: Schematic of a typical thermal detector. The absorbed IR radiation induces a 

temperature change and a subsequent alteration of a property of the sensor material. 

Image from [19]. ............................................................................................................. 12 

Figure 1-5: (a) FLIR OneTM and (b) SeeKTM thermal CompactproTM thermal cameras 

made of microbolometer arrays for android and iOS smartphones. Images are from [17, 

18]. .................................................................................................................................. 13 

Figure 1-6: Schematic drawing of a PC detector made of a slab of semiconductor....... 16 

Figure 1-7: (a) Interband (green arrow) and intersubband absorption (violet arrows) in a 

type-I QW. (b) Schematic diagram of a bound state to continuum photoconductive 

QWIP. ............................................................................................................................. 17 

Figure 1-8: Schematic band diagram of a p-n photodiode. Photogenerated carriers 

generated within a diffusion length of the device junction diffuse to the junction region 

and are collected by the junction’s electric field. ........................................................... 19 



 

xvi 

Figure 1-9: Schematic band diagram of (a) an nBn and (b) a complementary barrier 

photodetector. ................................................................................................................. 20 

Figure 1-10: Schematic drawing of a QCD. Similar to QWIPs, QCDs are intersubband-

based IR photodetectors. ................................................................................................ 21 

Figure 1-11: Schematic structure of a multi-junction Hg1-xCdxTe photodetector. Image 

from [51]. ........................................................................................................................ 23 

Figure 1-12: The ultimate conversion efficiency based on the theory of detailed balance 

limit for selected blackbody temperatures. Values on each curve represent the optimum 

bandgap with the highest efficiency at each temperature. .............................................. 29 

Figure 1-13: Schematic diagram of a TPV system. ........................................................ 30 

Figure 2-1: Schematic drawing of different band lineups between 6.1 Å material family.

 ........................................................................................................................................ 43 

Figure 2-2: Illustrative comparison between (a) type-I and (b) type-II broken-gap QWs. 

While the electron and hole wave functions are located in the same layer, in a type-I 

QW, they are spatially separated and located in different layers in a type-II QW [10]. 44 

Figure 2-3: Schematic of the conduction and valence minibands in a T2SL structure 

made of InAs and GaSb layers. ...................................................................................... 45 

Figure 2-4: The schematic structure of a typical ICL. Right side panel is a TEM image 

of the cascade region [15]. .............................................................................................. 46 

Figure 2-5: Schematic drawing of the band alignments in different regions of an ICL 

[10]. ................................................................................................................................ 47 

Figure 2-6: Schematic structure of an ICIP. Each stage consists of three regions, known 

as absorber, electron barrier, and hole barrier. Absorbers are typically made of T2SL; 



 

xvii 

hole and electron barriers are made of InAs/AlSb and GaSb/AlSb multiple QWs, 

respectively [15]. ............................................................................................................ 50 

Figure 2-7: Schematic band diagram for (a) two-stage ICIPs with regular and (b) 

reverse configurations. Note that photons and electrons travel in the same direction in 

the regular configuration, but in opposite directions in the reverse configuration. The 

two configurations can be realized by reversing the growth order of layers in one 

structure without changing the light illumination direction. .......................................... 51 

Figure 2-8: Collection probability for minority carriers (i.e., electrons) vs. their distance 

from the collection point (hole barrier) in a hypothetical photodetector with a 4 μm-

thick absorber. Provided numbers on each curve denote the assumed minority carrier 

diffusion lengths. Minority carrier diffusion lengths below 1 μm are realistic 

assumptions for T2SL photodetectors at high temperatures as discussed in the following 

chapters. The left side panel shows the simplified structure of one stage in an ICIP. ... 54 

Figure 2-9: Comparison of the device detectivity for a multiple-stage detector (e.g., 

ICIPs) over a single-stage detector [35]. ........................................................................ 57 

Figure 2-10: Contour plot of αLe=0.5 for different values of the absorption coefficient 

and minority carrier diffusion length. Colored area shows the space where a multiple-

stage detector has superior performance over a single-stage detector............................ 58 

Figure 2-11: Percentage of below-bandgap (Eg=0.5 eV) photons at different heat source 

temperatures. The heat source is assumed to have a blackbody-type radiation pattern. 60 

Figure 2-12: Schematic illustration of an ICTPV device with multiple stages. Each stage 

is composed of a T2SL absorber sandwiched between electron and hole barriers. Ee and 



 

xviii 

Eh denote the energy for electron (light blue) and hole (green) minibands, respectively. 

The energy difference (Ee-Eh) is the bandgap (Eg) of the T2SL. .................................... 62 

Figure 2-13: Device fabrication flow for ICIPs and ICTPV devices. The overall device 

fabrication flow for ICLs is similar to that of ICIPs and ICTPVs. ................................. 64 

Figure 3-1: Device structure for the ICIPs: (a) regular-illumination configured two-stage 

(Reg.-2S), (b) reversed-illumination configured two-stage (Rev.-2S); and (c) regular-

illumination configured three-stage (Reg.-3S). Device illumination was from the top in 

all of these detectors. ...................................................................................................... 73 

Figure 3-2: High resolution X-ray diffraction measurements (blue) and simulations (red) 

for (a) Reg.-2S, (b) Rev.-2S and (c) Reg.-3S wafers. XRD data reveal similar interface 

and material qualities for the three wafers. .................................................................... 74 

Figure 3-3: (a) EL spectra at 78 K for Reg.-2S and Rev.-2S wafers, (b) EL spectra for a 

device from Reg.-2S at different temperatures. .............................................................. 75 

Figure 3-4: Dark current densities vs. voltage for: (a) Reg.-2S (regular two-stage), (b) 

Rev.-2S (reversed two-stage) and (c) Reg.-3S (regular three-stage), at different 

temperatures. (d) Dark current densities at T=78 K for representative devices from the 

three wafers. ................................................................................................................... 77 

Figure 3-5: Linear plot of J-V for Reg.-2S and Rev.-2S detectors at 78 K. Shunt leakage 

was clearly observed in Rev.-2S wafer at low injection current. ................................... 78 

Figure 3-6: R0A vs. temperature for: Reg.-2S (squares), Rev.-2S (triangles) and Reg.-3S 

(circles). .......................................................................................................................... 81 



 

xix 

Figure 3-7: Zero-bias response for (a) Reg.-2S and (b) Reg.-3S at different device 

temperatures. The responsivity increased for temperatures up to 200 K in Reg.-3S 

detector. Inset in (b) shows the response spectra at 320 and 340 K. .............................. 83 

Figure 3-8: Responsivity vs. reverse bias (at λ=5 μm) for Rev.-2S at temperatures up to 

200 K. By increasing the device temperature, higher levels of reverse bias were required 

to reach the same response level. ................................................................................... 85 

Figure 3-9: (a) Zero-bias specific detectivity (at λ=5 μm) for the three wafers up to 

room temperature. (b) D* for Rev.-2S vs. reverse bias for temperatures up to 200 K. .. 87 

Figure 3-10: Schematic drawing of the device structure for R120 and R121 wafers. The 

only difference between the two wafers was the InSb strain-balancing layers used in 

each period of T2SL absorbers. ...................................................................................... 88 

Figure 3-11: Dark current density (Jd) vs. voltage (V) at 78 K for two devices made 

from R120 and R121 wafers. .......................................................................................... 89 

Figure 3-12: Dark current density vs. bias at different temperatures for an LWIR 

detector from R120 wafer. The inset shows the fitted activation energy for the 

Arrhenius plot of the device dark current. ...................................................................... 91 

Figure 3-13: Responsivity spectra of a photodetector from R120 wafer at temperatures 

up to 220 K. Inset shows its zero-bias responsivity spectra at 240 and 250 K. ............. 92 

Figure 3-14: Detectivity D* for a detector made from R120 wafer at temperatures up to 

220 K. ............................................................................................................................. 93 

Figure 3-15: Schematic structure of the three VLWIR detectors. .................................. 95 

Figure 3-16: Dark current density vs. bias voltage for one-, two- and three-stage 

VLWIR ICIPs for 78-143 K. .......................................................................................... 96 



 

xx 

Figure 3-17: Responsivity spectra (Rλ) for a two-stage VLWIR detector at 78 and 100 K 

under reverse bias. Indicated voltages are the bias at which the maximum response was 

acquired. Inset (a): zero-bias Rλ at λ =10 μm for one-, two- and three- stage ICIPs at 

different temperatures. Inset (b): Zero-bias Rλ at 125 and 143 K for the two-stage 

VLWIR photodetector. ................................................................................................. 100 

Figure 3-18: Detectivity D* for representative one-, two- and three-stage VLWIR ICIPs 

at 78 K. Since the device response was obtained under reverse bias, both Johnson and 

shot noise terms were included in D* determination. ................................................... 101 

Figure 4-1: Electron and hole wave functions and the related minibands for (a) four-

layer M-shape SL and (b) two-layer SL. In both designs, the thicknesses of the layers 

were tailored to achieve similar cutoff wavelengths (~2.8 μm) at 300 K. ................... 110 

Figure 4-2: Schematic structure for (a) two- and (b) three-stage ICIPs. ...................... 111 

Figure 4-3: Band structure in one stage of the designed ICIPs: the ground states and 

their corresponding wave functions as calculated using a two-band k·p model. .......... 112 

Figure 4-4: HRXRD scans for two- and three-stage ICIPs. Both ICIPs had compressive 

strain relative to the GaSb substrate. ............................................................................ 113 

Figure 4-5: Dark current densities for 250-340 K for (a) two- and (b) three-stage SWIR 

ICIPs. The densities were larger for smaller size detectors indicating the side walls and 

the device passivation need to be improved. ................................................................ 115 

Figure 4-6: Size-dependent R0A for two- and three-stage SWIR ICIPs at 300 K. 

Sidewall resistivity and bulk R0A were larger in three-stage detectors compared to the 

two-stage detectors. (b) Arrhenius plot of bulk and surface (inset) activation energies 

for two- and three-stage ICIPs. ..................................................................................... 116 



 

xxi 

Figure 4-7: The theoretical curve and the measured R0A ratios (single points on the 

curve) for T=300-340 K. The device dark current was dominated by the diffusion 

process in this temperature range. ................................................................................ 120 

Figure 4-8: Zero- bias responsivity for representative two- and three-stage ICIPs at 250-

340 K. (b) Photo-response (at 2.1 μm) vs. reverse bias in two- and three-stage ICIPs for 

250-340 K. .................................................................................................................... 123 

Figure 4-9: (a) Specific detectivity (FOV=2π sr) for two- and three-stage ICIPs under 

the zero-bias condition for 250-340 K. (b) Specific detectivity vs. reverse bias for the 

same ICIPs. Detectors were covered with a copper shield (at the device temperature) 

during dark current measurements. .............................................................................. 124 

Figure 5-1: Schematic diagram of the three-stage ICIP. From right to left, the absorber 

thicknesses are 312.0, 344.5 and 383.5 nm. The left block is a schematic layer diagram 

for one period of the SL absorber. ................................................................................ 129 

Figure 5-2: Band structure of one stage of Y004D ICIPs. For clarity, 5 periods of SL is 

shown in the absorber region. The simulated ICIP cutoff wavelength was ~3.7 μm at 

300 K. ........................................................................................................................... 132 

Figure 5-3: Zero-bias responsivity and Johnson-noise-limited detectivity for a 200×200 

μm2 ICIP at 300 K. The IC laser emission spectrum at T=293 K, under 200 mA 

injection, is also displayed. Inset, dark J-V curve for the same ICIP at 300 K. ........... 133 

Figure 5-4: The absorption coefficient spectrum for the T2SL absorber measured at 

room temperature. The T2SL was made of InAs (27 Å)/GaSb (15 Å)/AlSb (2.7 Å)/InSb 

(2.6 Å)/AlSb (2.7 Å)/GaSb (15 Å) in each period. ...................................................... 134 



 

xxii 

Figure 5-5: Schematic drawing of the high-frequency mid-IR interband cascade system.

 ...................................................................................................................................... 135 

Figure 5-6: The measured frequency response for the MWIR interband cascade system 

using different-sized ICIPs. .......................................................................................... 136 

Figure 5-7: High-frequency circuit model constructed for the interband cascade mid-IR 

system. Rsg and Rsa are the output or input resistance of the analog signal generator and 

the spectrum analyzer, respectively. All the other circuit parameters are denoted in 

Tables 5-2 and 5-3. ....................................................................................................... 138 

Figure 5-8: The measured and simulated frequency response of the interband cascade 

system with a 20×20 μm2 ICIP (top). The calculated frequency response of the type-I IC 

laser (middle) and the calibrated and simulated frequency response for the ICIP 

(bottom). ....................................................................................................................... 139 

Figure 5-9: The input PRBS fed to the IC laser (top) and the detected bits by an eight-

stage ICIP (mesa size: 50×50 μm2). Output bits inversion is related to the high-

frequency amplifier used before the oscilloscope. The bit rate was 32 Mb/s. Each 

horizontal division is 100 ns. ........................................................................................ 141 

Figure 5-10: Eye diagrams for ICIPs with a different number of stages and absorber 

thicknesses. Each horizontal division is 40 ns (top row) and 10 ns (bottom row). Bit rate 

was 8 Mb/s (top row) and 48 Mb/s (bottom row). ....................................................... 143 

Figure 6-1: Band profile and the layering sequence (for one stage) of type-I ICLs used 

for fabrication of ICLDs [16]. ...................................................................................... 148 

Figure 6-2: SEM images of the fabricated slots in type-I ICLs under different FIB 

conditions: (a) 30 keV and 16 nA, GIS: OFF (b) 30 keV and 200 pA, GIS: OFF (c) 30 



 

xxiii 

keV and 200 pA, GIS: OFF. (d): 10 keV and 100 pA, GIS: ON. Lower FIB currents and 

GIS reduce the amount of droplets and redeposition on side walls. ............................ 151 

Figure 6-3: (a) Schematic drawing of an ICLD. SEM images of (b) the base ICL before 

FIB milling and (c) the fabricated ICLD after FIB milling. ......................................... 152 

Figure 6-4: The I-V-L characteristics of the laser section of the ICLD (solid lines) 

compared with that of two ICLs (dash and short dash lines) with as-cleaved facets. Also 

shown is the Isc of the detector section of the ICLD as a function of the injection current 

that was applied to the laser section. ............................................................................ 154 

Figure 6-5: The I-V characteristics of the detector section of ICLD under dark and laser 

illumination. The shaded area shows the photovoltaic performance of this detector. Inset 

is the laser emission spectrum collected from its outer facet. ...................................... 155 

Figure 6-6: Responsivity and Johnson-noise-limited detectivity spectra for a 

representative top illuminated photodetector. The inset displays the relative response 

spectra for the top and edge illumination configurations. ............................................ 156 

Figure 7-1: Schematic structure of (a) three- and (b) two-stage (b) ICTPV devices. .. 163 

Figure 7-2: EQE for two- and three-stage ICTPV devices at 300-340 K. EQE was lower 

in three-stage TPV cells compared to that of two-stage devices. ................................. 165 

Figure 7-3: Schematic drawing of the measurement setup used in laser illumination of 

ICTPV devices. ............................................................................................................. 166 

Figure 7-4: Schematics of (a) two- and (b) four-wire setups. In contrast to a two- wire 

setup, where the current and voltage have the same path, separate circuits are utilized 

for current and voltage measurements in a four-wire setup. ........................................ 167 



 

xxiv 

Figure 7-5: The measured output power (per facet) for the broad area laser used in laser 

illumination measurements. This laser was cooled down to LN2 temperature to achieve 

higher output power and match the emission wavelength with the bandgap of TPV cells. 

The inset shows the emission spectrum of this laser at 80 K. ...................................... 168 

Figure 7-6: J-V curves for representative devices from two- and three-stage ICTPV 

wafers under different laser illumination levels. The legend above each curve shows the 

injection current applied to the IC laser. Higher injection currents correspond to higher 

levels of laser illumination that was incident on TPV cells. ........................................ 169 

Figure 7-7: Device fill factor vs. Jsc for representative 200×200 μm2 devices from two- 

and three-stage wafers at T=300-340 K. Insets show ΔFF for the same devices at 

different short-circuit currents. Two- stage device exhibited sharper decrease (compared 

to the three-stage device) in fill factor at high illumination levels. .............................. 171 

Figure 7-8: Open-circuit voltage (top panels), maximum output power density (middle 

panels), and conversion efficiency (bottom panels) as a function of short-circuit current 

density for representative 200×200 μm2 devices from the two- and three-stage ICTPV 

wafers at 300 K. ............................................................................................................ 173 

Figure 7-9: A commercial Suns-Voc apparatus manufactured by Sinton instruments. 

Image from: http://sintoninstruments.com ................................................................... 175 

Figure 7-10: Schematic drawing of the overlaid plot of the device measured I-V to the 

implied I-V curve. The difference between the two curves is caused by the device series 

resistance. ..................................................................................................................... 176 



 

xxv 

Figure 7-11: The implied and measured I-V curves for two- and three-stage ICTPV 

devices for 300-340 K. The device I-V curves were measured using both two- and four-

wire setups. ................................................................................................................... 178 

Figure 7-12: Plots of Isc-Voc for representative two- and three-stage ICTPV devices at 

300K. The slope of the linear fit lines represents the device shunt resistance. Rsh was 

larger in three-stage devices compared to two-stage devices at all the measurement 

temperatures. ................................................................................................................ 180 

Figure 7-13: Schematic structure of the seven-stage narrow-bandgap ICTPV cells. 

Absorbers were identical in all stages and had similar absorber thickness of ~158 nm.

 ...................................................................................................................................... 183 

Figure 7-14: Particle conversion efficiency (PCE) of an ICTPV device at 300 and 340 

K. The inset is the electroluminescence (EL) spectrum of an ICTPV device at 300 and 

340 K. ........................................................................................................................... 184 

Figure 7-15: Current density–voltage (J-V) characteristics of a 200×200 μm2 device at 

300 and 340 K under illumination by an IC laser with emission wavelength near 4.3 m 

(inset). ........................................................................................................................... 185 

Figure 7-16: The measured relationship between the open-circuit voltage Voc and short-

circuit current density (Jsc) of several devices at 300 and 340 K. Solid lines are 

theoretical fits according to Equation 7-9. Different colors stand for different 

illumination wavelengths from the two IC lasers. ........................................................ 187 

Figure 7-17: Fill factor and maximum output power density Pmax vs. short-circuit 

current density Jsc for two square mesa ICTPV devices with side dimensions of 0.2 and 



 

xxvi 

0.5 mm at 300 and 340 K illuminated by IC lasers near 4.3 and 3.3 μm. The inset is the 

power conversion efficiency of the 0.2 mm device at 300 and 340 K. ........................ 188 

  

 
 
 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxvii 

Abstract 

 
Interband cascade (IC) devices are a family of quantum engineered 

heterostructures that include: IC lasers (ICLs), IC infrared photodetectors (ICIPs) and 

IC thermophotovoltaic (ICTPV) devices. In these structures, the transport of carriers 

across different stages is made possible by the type-II broken-gap band alignment 

between InAs and GaSb. Many shortcomings in conventional single absorber narrow-

bandgap devices, such as short carrier lifetime and limited diffusion length (particularly 

at high temperatures) can be addressed by a multiple-stage architecture. While multiple 

photons need to be absorbed to output one electron in a multi-stage detector or 

photovoltaic cell, the multiple-stage architecture has some big benefits, especially at 

high temperatures and long wavelengths. The multiple excitations (depending on the 

number of stages) of each electron in an ICIP result in lower noise (higher signal-to-

noise) than conventional single-stage detectors with thick absorbers. Furthermore, by 

keeping individual absorbers shorter than the minority carrier diffusion length most of 

the photogenerated carriers can be collected. This efficient collection of photogenerated 

carriers along with the high open-circuit voltages lead to high conversion efficiencies in 

ICTPV devices. The theoretical and experimental exploration of these properties of 

ICIPs and ICTPV devices are the main focus of this dissertation.  

Design and characterization of ICIPs in different bands including short- through 

very long-wavelength IR are discussed in detail. It is shown that a multiple-stage 

detector has superior performance over a single-stage detector at high temperatures. 

In contrast to single-stage detectors, in ICIPs high-frequency bandwidths can be 

achieved with no compromise on the device sensitivity. The high-frequency modeling 
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and characterization of ICIPs reveal gigahertz bandwidth (~1.3 GHz) with high 

detectivity (˃109 cm.Hz1/2/W) for three-stage mid-IR ICIPs at 300 K. A comparative 

study of time domain characteristics (i.e., eye diagrams) of single-stage detectors and 

ICIPs (with the total absorber thickness equal to that of the single-stage devices) 

confirmed the higher bandwidth and shorter fall and rise times in ICIPs. 

The unidirectional flow of carriers in IC lasers makes their structure feasible for 

infrared detection. Therefore, it is possible to realize monolithically integrated lasers 

and detectors on a single chip. Since the detector section is edge-illuminated in these bi-

functional devices, detectivities higher than 1010 cmHz1/2/W were estimated for these 

detectors at room temperature (RT). High-detectivity and high-speed ICIPs along with 

low power consumption ICLs make monolithically integrated IC lasers and detectors a 

practical choice for compact spectrometers and lab-on-a-chip devices. 

Two sets of ICTPV devices (Eg < 0.5 eV) were investigated to understand the 

influence of number of stages/absorber thickness on the TPV cells performance. 

Efficiencies up to ~10% were achieved in three-stage ICTPVs with 0.41 eV bandgap. 

Also, narrow-bandgap ICTPV devices (Eg <0.25 eV) were demonstrated at RT and 

above with a high open-circuit voltage (~0.65 V at 300 K). These results validate the 

benefits of a multiple stage architecture with thin individual absorbers for efficient 

conversion of long wavelength radiant photons from relatively low-temperature heat 

sources into electricity. Additionally, an effective characterization method for extracting 

series and shunt resistances has been developed for high-concentration TPV cells. 
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1 Chapter 1: Introduction 

1.1 Infrared radiation 

Infrared (IR) radiation is part of the electromagnetic spectrum that spans 

wavelengths from about 700 nm to 1 mm. As its name suggests, the IR photons have 

energies lower than red light and are invisible to human eyes. Every object with an 

absolute temperature higher than 0 K emits electromagnetic radiation. For a blackbody 

object with the absolute temperature of T, the spectral radiance follows Planck’s law: 

                                    ��(�, �) =
����

��
�

����
��

���
���

 ,                                 (1-1) 

where h, kB, c, and ν are Planck’s constant, refractive index, Boltzmann constant, the 

speed of light in the vacuum, and frequency, respectively. From Equation 1-1, it is 

evident that the fraction of the total radiation that falls in the IR region increases by 

reducing the object’s temperature. For example, for a 1000 oC (1273 K) heat source, 

which is of particular interest for heaters used in thermophotovoltaic (TPV) systems, 

99.98% of total radiation falls in IR band, whereas only 46% of the total radiation from 

the sun (T=5800 K) falls in this band. As such, silicon (Eg= 1.12 eV) is a viable choice 

for solar cells but narrower bandgap semiconductors such as GaSb (Eg=0.72 eV), InAs 

(Eg= 0.36 eV) and their alloys are used in TPV cells and IR photon detectors. Figure 1-1 

illustrates the spectral radiance of blackbody objects with selected temperatures for 

solar cells, TPV devices, and IR photon detectors. As shown in this figure, at higher 

blackbody temperatures the overall spectral radiance is higher at any wavelength and 

the peak emission wavelength shifts to shorter wavelengths. Thermal imaging is based 
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on this simple phenomenon in hot objects. Typically, target objects for thermal imaging 

have a temperature that is close to ambient temperature. This implies that most of their 

radiation falls in mid-, long-, and very long IR wavelengths, therefore narrow bandgap 

semiconductors (Eg˂0.4 eV) are used in IR photon detectors for detection of objects 

near the ambient temperature. 

 
Figure 1-1: Spectral radiance for selected blackbody temperatures. At higher 
temperatures, the spectral radiance is larger at all wavelengths and the peak 
emission wavelength shifts to shorter wavelengths. Values on each curve denote the 
peak emission wavelength at each temperature. The room-temperature bandgap 
for Si, GaSb and InAs are also shown in this figure. 

1.2 Infrared terrestrial bands 

In detector community, the IR spectrum is categorized into near IR (NIR) (0.7-1 μm), 

short-wavelength IR (SWIR) (1-3 μm), mid-wavelength IR (MWIR) (3-5 μm), long-wavelength 

IR (LWIR) (5-14 μm), very long-wavelength IR (VLWIR) (14-30 μm), and far IR (FIR) (30-

100 μm) bands [1]. Figure 1-2 shows different terrestrial IR bands (up to VLWIR) and the 
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corresponding atmospheric transmission at different wavelengths. As a result of strong 

molecular absorptions in air at certain IR wavelengths, some portions of the IR spectrum are not 

feasible for applications such as thermal imaging and free space optical (FSO) communications. 

For instance, the presence of moisture (water vapor) causes strong absorptions in 5.6-7 μm and 

14-16 μm wavelength ranges. 

 
Figure 1-2: Atmospheric transmission of IR radiation at different wavelengths. 
Transmission data were taken from Gemini observatory website [2]. 

1.3 Infrared photodetectors 

In addition to thermal imaging, IR detectors are one of the key elements in 

optoelectronic systems used in spectroscopy and FSO communications. Although NIR 

optoelectronic systems have been extensively investigated for these applications, 

MWIR and LWIR bands have fundamental advantages over NIR. For instance, as 

shown in Figure 1-3, many molecules and trace gases have strong absorption lines in 

these IR bands. Owing to their significantly stronger absorption in MWIR and LWIR 
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bands, the detection limit for these molecules is orders of magnitude lower in these 

bands over NIR (see Table 1-1) [3]. One prominent example is the detection limit for 

CO2 which is more than four orders of magnitude lower in MWIR (λ=4.23 μm) over 

SWIR band (λ=1.55 μm). Furthermore, the transmission losses associated with Rayleigh 

(proportional to λ-4 and the dominant scattering mechanism for particles smaller than 

λ/10) and Mie scatterings (not strongly dependent on wavelength and the dominant 

scattering mechanism for particles larger than λ) are higher at shorter wavelengths, thus 

FSO links at longer wavelengths are less susceptible to bad weather condition such as 

fog and smoke [5].  

 

Figure 1-3: Absorbance of different molecules in MWIR and LWIR bands. 
HITRAN data [4] were acquired from http://www.spectraplot.com  
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These benefits for MWIR-LWIR over NIR-SWIR bands were known for 

decades, but the rapid developments of NIR optoelectronic devices and systems due to 

the telecommunication industry boom in the 1990s resulted in less research on other IR 

bands. Nevertheless, the recent advances in MWIR and LWIR lasers made of quantum 

structures namely, quantum cascade lasers (QCLs) [6] and interband cascade lasers 

(ICLs) [7] with room temperature continuous-wave (cw) operation [8, 9] greatly 

increased the research and development efforts on optoelectronic devices and systems 

in these bands. 

III-V MWIR and LWIR lasers based on quantum structures have shown 

compelling performance and experienced a rapid commercialization in recent years. 

However, III-V photodetectors are not as mature as Hg1-xCdxTe detectors[10]. Even 

high-performance Hg1-xCdxTe photodetectors require cryogenic cooling and have some 

drawbacks associated with irregular substrates, and the complexity of materials growth 

and fabrication. Since an uncooled photodetector has lower cost, is less bulky and has 

lower power consumption compared to cryogenically cooled IR detectors, there has  

Table 1-1: Comparison of the detection limit for certain molecules in NIR-SWIR 
and MWIR-LWIR bands. Data from [3]. 
 

 

Molecule 

Detection limit 

MWIR-LWIR NIR-SWIR 

ppb Wavelength (μm) ppb Wavelength (μm) 

H2O 2.0 5.94 60 1.38 

CO2 0.13 4.23 4000 1.55 

CO 0.75 4.60 3000 1.55 

NO2 3.0 6.14 6000 0.68 

CH4 1.7 3.26 600 1.65 

HCl 0.83 3.40 20 1.21 

NH3 0.80 10.30 1000 1.50 
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been a strong technological drive to achieve MWIR and LWIR photodetectors with 

room temperature operation. Uncooled lasers and photodetectors made of the same 

material system are the key components to realize low cost, power efficient and 

compact, even on-chip integrated, IR optoelectronic systems. 

1.3.1 Figures of merit for infrared detectors 

1.3.1.1 Responsivity 

Responsivity of a photodetector is defined as the amount of the photocurrent or 

photovoltage generated by the incident optical power: 

                             �� =
���

����
  or �� =

���

����
 ,                                (1-2) 

where Ri, Rv, Iph, Vph, and Pinc are the device current response, voltage response, 

photocurrent, photovoltage, and incident power, respectively. The responsivity 

spectrum of an IR photodetector is measured with a spectrometer (e.g., an FTIR). In 

these measurements a broadband IR source is used to obtain the device relative 

response: 

                                    ��������� =
���������

�������
 ,                                      (1-3) 

where Rrelative, Smeasured and Ssource are the device relative response, device raw response 

spectrum (to the IR source radiation), and the IR source spectrum, respectively. Because 

the IR source spectrum is usually measured by a spectrally flat thermal detector (e.g., a 

DTGS detector), the collected spectrum needs to be corrected for the limited frequency 

response of thermal detectors (see section 1.3.2.1).  Typically, after the acquisition of 
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the device relative response, a blackbody source is used to calculate the device absolute 

response spectrum at different wavelengths. 

1.3.1.2 Quantum efficiency 

Quantum efficiency is the measure of the device ability to convert the incident 

photons into electron and hole pairs that are eventually collected at the device contacts. 

The device quantum efficiency spectrum can be derived from its responsivity spectrum 

as follows: 

                                            �� =
�.�� ��

�
 ,                                         (1-4) 

where QE, Ri, and λ (in microns) are the quantum efficiency, photocurrent response and 

wavelength, respectively. 

1.3.1.3 Noise 

Different sources of noise may be present in photodetectors, some of which like 

Johnson and shot noise are white noise (are not frequency dependent) and others such as 

1/f noise and generation and recombination noise are frequency dependent. A short 

overview of different noise mechanisms in IR photodetectors is provided below. 

 Johnson noise (also called thermal noise) is related to the random thermal motion of 

electronic changes and is defined by: 

                        〈��������������
� 〉 =

����

�
.�� ,                           (1-5) 

where kB, T, R and Δf are Boltzmann constant, absolute temperature, device 

resistance, and measurement bandwidth, respectively. 
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 The other noise mechanism in photodetectors is shot noise. This type of noise is 

related to the quantization of electronic charge and photons. Shot noise is described 

by the following equation: 

                            〈����������
� 〉 = 2���� ,                                    (1-6) 

where q and I are the electronic charge and the device current, respectively. 

 Another source of noise in detectors is 1/f noise. As its name suggests, this type of 

noise is frequency dependent and is inversely proportional to the frequency. 1/f 

noise is the dominant noise factor at low frequencies. While different theories have 

been developed to explain and model 1/f noise in different type of photodetectors 

[11], the origins of 1/f noise is not fully understood yet. 

 Generation and recombination (g-r) noise is associated with the random generation 

and recombination of electron and holes. The g-r noise is frequency dependent (∝

1/f2). In a nearly intrinsic semiconductor g-r noise is described by [12]:      

             ��� =
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 ,    (1-7) 

where Vb, l, w, t, μe, μh, n, p, τ, and f are the applied bias, device length, width, 

thickness, electron mobility, hole mobility, electron concentration, hole 

concentration, and frequency, respectively.  

1.3.1.4 Detectivity 

To evaluate a detector’s sensitivity, the ratio of the detector signal (i.e., 

responsivity) and its noise is used. Detectivity is defined as the inverse of the device 
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noise equivalent power (NEP). NEP is the amount of signal power that is equal to the 

device noise power.  Since the measurement bandwidth and the device size affect the 

device detectivity, a modified term called specific detectivity (D*) which normalizes the 

device detectivity to its area and bandwidth was proposed by Jones [13]: 

                                   �∗ =
��.��

���
 ,                                                 (1-8) 

here A denotes the device area. The specific detectivity can be used to make a fair 

comparison between different types of photodetectors. A more versatile form of the 

above equation that only includes the Johnson and shot noise terms (�� = 1 ��) is as 

follows: 

                                  �∗ =
��

�
����

��
����

 ,                                        (1-9) 

where Ri, RA, and J are the device responsivity, resistance and area product, and current 

density, respectively. 

1.3.1.5 Frequency response  

The frequency response of a detector quantifies that how fast it can respond to 

the incident photons variation in time. The 3-dB bandwidth of a detector is the 

frequency at which the detector output power decreases to half of its low frequency 

value. The detector frequency response could be limited either by its packaging (e.g., 

parasitic capacitance and inductance) or by the fundamental transport time, diffusion or 

drift process, within the detector structure.  
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1.3.2 Different types of infrared detectors 

A common method to classify IR detectors is based on their cutoff wavelength. 

For each terrestrial IR band, different types of IR detectors exist within different 

material systems that can cover single or multiple bands. Aside from their cutoff 

wavelength, IR detectors are categorized into thermal and photon detectors. Thermal 

detectors have no wavelength selectivity whereas photon detectors are selective and 

only respond to IR radiation with energies higher than their bandgap. A brief overview 

of different types of IR detectors and their operation principles is provided in the next 

subsections. Detailed reviews of different types of IR detectors and the history of IR 

detection can be found in [11, 14, 15].  

1.3.2.1 Thermal detectors 

Thermal detectors have been extensively investigated for IR detection owing to 

their room temperature operation, low cost, simplicity and wide spectral response. 

Regardless of their material or structure, thermal detectors have a similar working 

principle: the absorbed IR radiation induces a temperature change and a subsequent 

alteration in a property of the sensor material such as its resistivity or polarization, 

which is proportional to the temperature change. Figure 1-4 shows the schematic of a 

typical thermal detector where the IR sensitive element is mounted on a substrate 

through a heat insulator leg. The room temperature specific detectivity (D*) of thermal 

detectors is in the range of 108-109 cm.Hz1/2/W at low frequencies (~10 Hz) and sharply 

drops with increasing the frequency [16]. The main disadvantages of thermal detectors 

are their very low response speed (in the order of milliseconds) and low sensitivity 

compared to photon detectors. While the overall performance of thermal detectors is 
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well behind that of cooled photon detectors, their low cost and reasonable room 

temperature performance make them a perfect fit for less demanding applications. 

Today, their cost of production is reduced to the level that they have been considered 

for consumer electronics such as smartphones. Companies like FLIR and Seek thermal 

have introduced thermal cameras based on VOx microbolometers for smartphones (see 

Figure 1-5) in $250-500 price range [17, 18] . 

 
Figure 1-4: Schematic of a typical thermal detector. The absorbed IR radiation 
induces a temperature change and a subsequent alteration of a property of the 
sensor material. Image from [19]. 

1.3.2.1.1 Thermopiles 

The operation of thermopiles is based on the Seebeck effect. A thermopile can 

be made by simply connecting two electrodes made of dissimilar metals or 

semiconductors. The temperature difference between the two electrodes causes an 

electric potential that is proportional to the temperature difference between the 

electrodes. This phenomenon is also employed in thermoelectric devices where an 

applied electric potential produces a temperature gradient between the two ends of these  
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Figure 1-5: (a) FLIR OneTM and (b) SeeKTM thermal CompactproTM thermal 
cameras made of microbolometer arrays for android and iOS smartphones. 
Images are from [17, 18]. 
 

devices. Thermopile detectors can be used with or without a chopper to detect IR 

radiation. These thermal detectors have low voltage response and their specific 

detectivity is at the low end of 108 cm.Hz1/2/W at room temperature [20]. 

1.3.2.1.2 Bolometers 

Bolometer, in essence, is a thermistor in which the device conductivity varies 

with temperature. The active region of a bolometer is composed of an IR absorber, 

typically made of metals, certain ceramics or extrinsic semiconductors [16], that under 

IR radiation its temperature as well as resistance change. If the detector is biased at a 

constant current, any change in the device resistance results in a potential difference 

(ΔV) proportional to the temperature change (ΔT). Bolometers have a limited response 

time, require temperature calibration (a shutter), and their specific detectivity lies on the 

low to middle end of 108 cm.Hz1/2/W range at room temperature [11]. However, owing 

to their simple structure, low manufacturing costs, and small pixel size, with pixel 

resolutions as large as 3 megapixels [21], microbolometers have the largest market 

share for uncooled thermal cameras.  
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1.3.2.1.3 Pyroelectric detectors 

In a pyroelectric detector, any change in the device temperature results in an 

electric polarization of the absorber material and creates a potential difference between 

the two sides of the detector. Although a large variety of materials have been used for 

pyroelectric detectors, the most popular materials are PT (PbTiO3), PZT (Pb(ZrTi)O3), 

BST (BaSrTiO3) and DTGS ((ND2CD2OOD)3D2SO4). Pyroelectric detectors have better 

detectivity (~109 cm.Hz1/2/W at room temperature) compared to bolometers and 

thermopiles [22]. Since pyroelectric detectors respond to a temperature change rather 

than the absolute temperature, IR cameras made of pyroelectric detectors usually 

require a chopper to modulate the IR radiation from a thermal scene.  

1.3.2.2 Photon detectors 

Amongst different types of photodetectors, photon detectors have the highest 

theoretical performance limit, fast response and excellent signal to noise ratio (SNR) 

[11]. Noise in some photon detectors is remarkably low, to the point that noise from the 

system electronics becomes the limiting factor. However, unlike thermal detectors, 

photon detectors do not have a flat and wide spectral response and generally require 

cryogenic cooling.  

When IR photons, with energies higher than the detector’s bandgap, are incident 

on a photon detector, they will be absorbed and excite carriers to an excited state in 

another band or subband. Photon detectors are categorized into two major classes, 

namely, photoconductors (PC) and photovoltaic (PV) detectors. Photoconductors are 

typically made of a slab of semiconductor whose conductance changes upon photon 

absorption. On the other hand, PV detectors employ either a p-n junction or a 
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heterostructure with selective contacts to separate and collect photo-generated carriers 

through a photovoltaic process similar to solar cells. Since photon detectors are 

spectrally selective, different types of semiconductors have been utilized for IR photon 

detectors for different IR bands. Table 1-2 summarizes some of the most popular 

semiconductors along with their properties for the different IR bands. 

Table 1-2: Summary of main detector technologies for different IR bands. 
 

IR band Wavelength Detector technology Applications 

NIR 0.7-1 μm 
Si, GaAs, CdTe, InP, 

InGaAs, CCD, CMOS 

Optical data storage 

SWIR 1-3 μm 
InGaAs, GaSb, Ge,                

Hg1-xCdxTe, T2SL 

Fiber communications, Spectroscopy, 

FSO communications, power 

beaming, LIDAR 

MWIR 3-5 μm 

InAs, InAsSb, InSb,         

Hg1-xCdxTe, T2SL, QWIP, 

QCD, QDIPs 

Thermal imaging, FSO 

communications, spectroscopy, power 

beaming 

LWIR 5-14 μm 
Hg1-xCdxTe, T2SL, QWIP, 

QCD, QDIPs 

Thermal imaging, FSO 

communications, spectroscopy 

VLWIR 14-30 μm 

Hg1-xCdxTe, T2SL, QWIP, 

QCD, QDIPs, Si:Mg, Si:Bi, 

Ge:Au, Ge:Hg 

Astronomy, remote sensing, missile 

detection 

FIR ˃30 μm Ge:Cu, Si:Ga, Si:Al, Si:As Astronomy 

 

1.3.2.2.1 Photoconductors 

The simplest form of a photon detector is a slab of semiconductor with certain 

doping and Ohmic contacts at both ends (see Figure 1-6). The working principle of 

photoconductors is the change in the resistance of the semiconductor with a change in 

its carrier concentration. The resistance of a photoconductor can be expressed as:  

                                 � =
��

��
=

�

�(�������)��
                                   (1-10) 
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where ρ, L, w, t, q, μe,h, n and p are the resistivity, slab length, width, thickness, 

electronic charge, electron or hole mobility and electron and hole concentrations, 

respectively. Since photoconductors have a simple structure, the first photon detector 

was a photoconductor made of Ti2S during World War I [23]. Today, photoconductors 

made of lead salts and Hg1-xCdxTe alloys are commercially available in different IR 

bands, however, most of the research and development on IR detectors is devoted to PV 

detectors because of their zero-bias operation, larger device resistance, lower noise, and 

smaller pixel size. 

 
Figure 1-6: Schematic drawing of a PC detector made of a slab of semiconductor. 

1.3.2.2.2 Quantum well infrared photodetectors 

Quantum well infrared photodetectors, also known as QWIPs, were introduced 

in 1987 [24]. As shown in Figure 1-7 (a), photon absorption occurs through 

intersubband transitions within the conduction or valence band of quantum wells (QWs) 

in QWIPs. These detectors are comprised of multiple quantum wells (MQWs) wherein 

its simplest form (bound to continuum QWIPs, see Figure 1-7 (b)) carriers are excited 

by photon absorption from a bound state in each QW to the continuum and are collected 

by an externally applied electric field. Since QWIPs need to be biased to operate, they 
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are classified under photoconductors. QWIPs have been realized in different material 

systems including: GaAs/AlGaAs [25], InGaAs/InP [26], GaN/AlN [27], and Si1-

xGex/Si [28] where GaAs/AlGaAs has been the most investigated material system. 

These intersubband-based photodetectors can cover a wide range of wavelengths by 

merely adjusting the well width in QWs. As such, QWIPs are well suited for multi-color 

applications. Because of the selection rule of intersubband transitions in the conduction 

band [29-33], n-type QWIPs are not sensitive to TE polarization and require specific 

device mounting or gratings for normal detection and have a narrow spectral response. 

 
Figure 1-7: (a) Interband (green arrow) and intersubband absorption (violet 
arrows) in a type-I QW. (b) Schematic diagram of a bound state to continuum 
photoconductive QWIP. 

1.3.2.2.3 Quantum dot IR photodetectors 

Quantum dot IR photodetectors (QDIPs) are a relatively new class of IR 

detectors where carriers are spatially confined in all three dimensions. Due to this 3-D 

confinement, QDIPs are projected to have low dark current and be able to operate at 

high temperatures. The most explored material system for QDIPs is InAs/GaAs [34], 

where the InAs dots are formed on a GaAs substrate using Stranski-Krastanov crystal 

growth [35]. In this technique, the compressive strain of epi layer relative to the 
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substrate enables the formation of islands (dots) with certain shape and size. The cutoff 

wavelength of QDIPs can be tailored by controlling the dot size, shape and material 

composition, therefore QDIPs can cover different IR bands. Moreover, the absorption 

selection rules associated with intersubband transitions in n-type QWIPs is not present 

in QDIPs and they are sensitive to normal illumination. Furthermore, the 3-D 

confinement of carriers and the phonon bottleneck effect in QDIPs leads to significantly 

longer carrier lifetimes (up to ns) compared to QWIPs. 

The main challenges in the development of QDIPs are the dot size and shape 

non-uniformities and their low quantum efficiency [34]. Although modified QDIP 

structures such as quantum dot in a well (QDWELL) [36] has shown some promise to 

address some of these issues, the research on QDIPs has been received limited attention. 

It is expected that the increasing interest in QDs for solar cells will stimulate further 

research on QDIPs in the future. 

1.3.2.2.4 Photovoltaic detectors 

As stated earlier, photovoltaic (PV) detectors have the highest ultimate 

performance projections [11, 37] among different types of IR detectors. In this type of 

detectors, the generated electron and hole pairs are separated by means of an internal 

electric field. Photodiodes, which are the simplest form of PV detectors, employ a p-n 

junction to separate and collect the photogenerated electron-hole pairs (see Figure 1-8). 

In brief, the photogenerated carriers in the depletion region of a photodiode are quickly 

separated by the electric field across the junction and collected. Also, the fraction of 

photogenerated electrons and holes that are within a diffusion length away from the 
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junction will diffuse to the junction region where they are swept in opposite directions 

via the junction field and then collected by the device contacts. 

A refined version of photodiodes with an enhanced collection efficiency and 

better response speed, are pin photodiodes. In pins, a thick intrinsic layer is inserted  

between p-type and n-type regions, so that most of the photon absorption occurs in this 

intrinsic region. Therefore, photogenerated carriers are mainly collected by the drift 

process and diffusion, which is a relatively slow process, has a negligible contribution 

to the carriers transport. 

 
Figure 1-8: Schematic band diagram of a p-n photodiode. Photogenerated carriers 
generated within a diffusion length of the device junction diffuse to the junction 
region and are collected by the junction’s electric field. 

1.3.2.2.5 Barrier infrared detectors 

The advent of barrier structures in 2007 [38] and the following work [39] led to 

substantial improvements in the device performance and high-temperature operation of 

Sb-based detectors. The presence of Shockley-Read-Hall (SRH) centers in narrow 

bandgap III-V IR detectors (e.g., InSb detectors) inhibited high-temperature operation 

of these photodiodes for decades.  



 

19 

The Shockley-Read-Hall (SRH) generation-recombination (g-r) rates have their 

highest value in the depletion region of a diode [40]. The g-r currents are the main 

source of dark current in materials with a large number of SRH centers (e.g., Sb-based 

materials) where the carrier lifetime is limited by short g-r lifetimes. This is of 

particular importance in narrow bandgap semiconductors that suffer from lower 

material quality.  

In a barrier photodetector either the depletion region of p-n junction is mainly 

confined to the wider bandgap material (barrier) or the photovoltaic operation is 

achieved by selective contacts rather than a p-n junction. Thus, the depletion region is 

either nearly removed from (or confined to the outside of) the absorber. Figure 1-9 

shows the schematics of two types of these detectors, namely nBn [38] and 

complementary barrier detectors (CBIRDs) [41].  

 
Figure 1-9: Schematic band diagram of (a) an nBn and (b) a complementary 
barrier photodetector. 

1.3.2.2.6 Quantum cascade detectors 

The first quantum cascade detector (QCD) was a quantum cascade laser (QCL) 

used for photon detection [42]. While a QCL operates in forward bias regime for lasing 
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action, the same device can detect photons under zero-bias or reverse-bias condition. To 

achieve photovoltaic detection, QCDs have an asymmetric structure where the electrons 

(or holes) are forced to flow in a certain direction. As shown in Figure 1-10, QCDs are 

bound-to-bound detectors meaning that electrons in the absorption wells are excited 

from the ground (bound) states to an excited (bound) energy state in the QW. After their 

excitation electrons tunnel through a thin barrier to a QW in the relaxation region (via 

resonant tunneling) and experience multiple relaxations through digitally graded QWs 

and finally tunnel into the ground state of the next absorption QW, where they undergo 

another excitation process. Similar to QWIPs, QCDs are usually based on intersubband 

transitions in the conduction band, therefore they are only sensitive to TM polarization 

and suffer from short intersubband transition lifetime (in the order of ps), which is 

comparable to the phonon scattering time. However, thin absorbers and short carrier 

lifetimes make these detectors a perfect candidate for high-speed operation (up to 40 

GHz) [43-45]. The main drawbacks of these detectors are their low responsivity, which 

is further reduced with increasing temperature, and low detectivity (in the range of 107 

to 108 cm.Hz1/2/W at room temperature) [46-48]. Further enhancements such as using  

 
Figure 1-10: Schematic drawing of a QCD. Similar to QWIPs, QCDs are 
intersubband-based IR photodetectors. 
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photonic crystal structures has been proposed to increase the device responsivity by 4-6 

times [49, 50] in these detectors. 

1.3.2.2.7 Multi-junction photodetectors 

Multi-junction detectors have a single cutoff wavelength and all of the stages 

operate simultaneously to contribute to the device voltage and current. These IR 

detectors should not be confused with multi-color detectors. Although multi-color 

detectors also have multiple stages/junctions, each stage/junction has different cutoff 

wavelength and typically different colors (i.e., junctions) do not operate simultaneously. 

For example, a two-color detector may be designed in such a way that under different 

bias polarization one of the two colors become operational (is detected) while the other 

is shunted. Since all the stages are serially connected and should operate 

simultaneously, Esaki tunnel junctions are incorporated in between the stages in a 

multi-junction detector in a similar fashion to multi-junction solar cells. 

Having similar cutoff wavelengths in different stages may sound 

counterintuitive, but the current status of narrow bandgap semiconductors is far from 

ideal and they have limited carrier lifetime and diffusion lengths, particularly at high 

temperatures. The series connection of different stages results in a higher device 

resistance, lower noise and more efficient collection of photogenerated carriers 

compared to a single-stage/junction detector. Additionally, shorter absorbers utilized in 

multi-stage detectors makes them a viable choice for high-speed applications with 

almost no compromise on the device sensitivity. The multi-junction IR detectors (Figure 

1-11) were first reported in LWIR Hg1-xCdxTe detectors in 2003 [51] but did not receive  
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Figure 1-11: Schematic structure of a multi-junction Hg1-xCdxTe photodetector. 
Image from [51]. 
 

much attention. Instead of Esaki tunnel junctions, the unique band alignments in 6.1 Å 

family of materials (InAs, GaSb, and AlSb) can also be utilized to realize a multi-stage 

detector. Interband cascade infrared photodetectors (ICIPs) [52] are such multiple-stage 

detectors. As the bulk of work presented in this dissertation is based on ICIPs, their 

structure, operation principles and characteristics are discussed in details in Chapter 2. 

1.3.2.2.8 Survey of IR photon detectors  

From the early efforts on Hg1-xCdxTe photodetectors starting in 1959 [53], 

different material systems and device architectures have been proposed and investigated 

to replace or surpass this technology. Although Hg1-xCdxTe has been the most 

promising technology to achieve the theoretical projections for the high-temperature 

operation of photon detectors, today, after ~60 years, state-of-the-art IR detectors for 

MWIR-VLWIR bands still require cryogenic cooling for their operation.  

There have been efforts to replace Hg1-xCdxTe with lower cost and more robust 

material systems, however, technologies such as III-V narrow bandgap materials suffer 

from low material quality and short carrier lifetime. While there have been some 

theoretical works that predict superior performance for Auger-limited III-V based type-

II superlattice (SL) photodetectors (see section 2.2.2) [54, 55], the material quality for 
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these detectors is not ideal and is limited by the g-r process. Recent works on barrier 

structures have shown some promise to overcome the g-r limitations in III-V detectors, 

however, Hg1-xCdxTe still holds its position as the highest performance technology. 

Table 1-3 provides a brief overview of the performance of the state-of-the-art IR 

detectors’ technologies for the different IR bands. As can be seen in this table, the 

performance of type-II SL detectors with barrier structures has become comparable to 

Hg1-xCdxTe at some wavelengths. 
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1.4 Thermophotovoltaic conversion of infrared radiation 

1.4.1 Background 

Thermophotovoltaic (TPV) devices are the counterpart of solar cells that convert 

IR radiation from a relatively low-temperature heat source to electrical power. Given that 

most of the heat source radiation falls in IR band, narrow bandgap semiconductors are 

typically used in TPV systems. 

The earliest efforts on the thermophotovoltaic conversion of energy go back to 

1956 [65]. The first reported TPV system utilized a silicon solar cell to convert the 

radiation from a camping lantern to electric power [66]. While TPV systems were 

widely explored by the U.S. Army for power generation in the following years, TPV 

systems did not reach their efficiency and performance expectations after several years 

of research and development and research on TPVs declined in the 1970s [65]. Later, 

owing to the significant enhancements in the growth and fabrication of III-V 

semiconductors, TPVs were reconsidered in 1990s and early 2000s for power 

generation. However, this line of research went through another period of hibernation as 

the challenges associated with narrow-bandgap III-V semiconductors namely, low 

open-circuit voltage and efficiency remained unresolved (see Chapter 7 for further 

details). Since TPV cells share some roots with IR detectors and are made of similar 

material as that of III-V IR photodetectors, the recent breakthroughs, and advancements 

of III-V IR photodetectors (e.g., barrier and quantum engineered structures) could result 

in another round of extensive research on TPV systems. 

TPV systems can be used for electricity generation in different fields including 

waste heat recovery in the steel and glass industries, off-grid power generation, and 
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portable power systems for battlefields, where quiet and compact power generators are 

of critical importance. These systems have also been used in hybrid electric car prototypes 

(e.g., Viking 29) [67] for power generation. Despite their wide range of applications, 

TPVs have been underutilized compared to solar cells, mainly due to their high 

production costs associated with their required substrates and growth process. Moreover, 

narrow bandgap TPV cells made of III-V compounds [68, 69] are far from optimal and 

suffer from low material quality, non-idealities in device fabrication and passivation, and 

large non-radiative losses.  

1.4.2 Ultimate conversion efficiency in TPV cells 

Heat sources with a broad radiation spectral content are the simplest form of 

heat sources used in TPV systems. However, the broad spectrum of heat radiation is the 

main loss mechanism in these systems. Since TPV cells have a particular bandgap, the 

fraction of the source radiation that falls below the device bandgap is not absorbed and 

is wasted. On the other hand, photons with energies higher than the bandgap will lose 

part of their energy by thermalization. The seminal work by Shockley and Queisser in 

1961 [70] determined that the optimum bandgap for photovoltaic conversion depends 

on the source temperature and the cell’s bandgap with the optimum bandgap being 

Eg≈2kBTSource [71]. This means while silicon is a good choice for solar cells (Tsun≈5,800 

K), for TPV systems with source temperatures well below 5,800 K, narrower bandgap 

semiconductors are required. The theoretical work by Shockley-Queisser on the 

evaluation of the ultimate efficiency for single-junction solar cells can be extended to 

TPV cells with different source temperatures [72, 73]. Since TPV cells are in close 

proximity to the heat source, the solid angle (Ω) is typically in the range of 1-4π sr (Ω is 



 

27 

limited to 6.85×10-5 sr in non-concentrated solar cells) [72]. Figure 1-12 shows the 

ultimate conversion efficiency curves calculated for selected blackbody temperatures 

based on the Shockley-Queisser detailed balance limit theory (Ω=4π sr). The 

assumptions made in this theory are listed below: 

 All the incoming photons with energies higher or equal to the device bandgap 

are absorbed. This means the photon reflection at the device top surface is 

negligible and the absorber is thick enough to absorb all incident photons. 

 Each absorbed photon generates an electron-hole pair that is either separated and 

collected at the device contacts or recombines radiatively. This means the only 

channel for carrier loss is the radiative recombination. 

Based on this theory, for TSource=2,000 K the optimum cell bandgap is 360 meV. 

This bandgap results in an ultimate conversion efficiency of 34.7%, which is 

significantly higher than the efficiencies obtained in state-of-the-art TPV systems with 

spectrally engineered heat sources.  As stated earlier, the material quality and related 

parameters such as carrier lifetime and diffusion length are far from the above 

assumptions (e.g., infinite diffusion length) made in this theory. Therefore, real device 

implementations give efficiencies significantly lower than these projections.       

In contrast to solar cells, where the radiation source is far away (~1.5×108 km) 

from the cell, in TPV systems the radiant source is in close proximity (a few microns to 

several centimeters) to the cell. Being in close proximity to the heat source makes  
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Figure 1-12: The ultimate conversion efficiency based on the theory of detailed 
balance limit for selected blackbody temperatures. Values on each curve represent 
the optimum bandgap with the highest efficiency at each temperature. 
 

spectrum shaping a possible route to enhance the system efficiency. Since the below 

bandgap and thermalization losses are reduced by matching the radiation pattern with 

the device bandgap, the system efficiency can be significantly improved in TPV 

systems. Moreover, larger bandgap TPV cells with higher quality and performance can 

also be used in spectrally engineered TPV systems to further enhance the system 

efficiency. 

1.4.3 Different components of a TPV system 

A TPV system that efficiently converts heat radiation into electricity is 

comprised of three components, namely emitter, and/or filter, TPV cell with a back 

reflector. Figure 1-13 illustrates the schematic of a typical TPV system. Given that the 

heat (IR radiation) in a TPV system comes from different sources such as combustion, 

solar radiation, nuclear reactions, and waste heat, selective emitters, and/or filters are 

utilized to closely match the spectral content of the heat source to the TPV cell bandgap.  
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Figure 1-13: Schematic diagram of a TPV system. 

A selective emitter absorbs the radiation from a heat source and reradiates the 

absorbed energy with an altered spectral content that fits the cell’s bandgap. Different  

types of selective emitters made of rare earth oxides [74] have been developed for TPV 

systems. 

More recently, artificial structures, i.e., photonic crystals [75, 76] and 

metamaterials [77, 78] have been developed to realize efficient selective emitters. One 

can also enhance the system efficiency by reflecting back the below bandgap photons 

and high energy photons (as compared to the cell’s bandgap) back to the heat source.  

The final step to reduce the radiation loss in TPV systems is the use of back 

surface reflectors (BSRs). BSRs can be as simple as a layer of gold deposited on the 

back surface of the TPV cell or made of multiples layers such as MgF2/ SiO2/Au for 

enhanced reflection [79, 80].  

1.4.4 Survey of thermophotovoltaic cells 

As discussed in the previous section, a TPV system is more than just TPV cells, 

in recent years, the research on other components of TPV systems (e.g., selective 

emitters and filters) have been more active than the research on TPV cells. For instance, 



 

30 

the advent of artificial structures i.e., photonic crystals and metamaterials have resulted 

in novel structures for selective emitters. Selective emitters and other components of a 

TPV system are beyond the scope of this dissertation and are not included in this 

survey. 

Research on TPV cells is mainly devoted to cells with bandgaps larger than 0.5 

eV. System efficiencies of 19.5-25% [81, 82] have been reported with TPV cells made 

of InGaAs and InGaAsSb. However, the use of narrower bandgap semiconductors could 

enhance the system efficiency when the heat source temperature is below 1000 K. TPV 

cells with bandgaps below 0.5 eV suffer from low open-circuit voltage and fill factor 

[83-85]. The poor performance of narrow bandgap TPV cells is mainly related to the 

material quality and could be enhanced by a better understanding of these limiting 

factors. Table 1-4 provides a brief summary of the performance of TPV cells made of 

different materials in the last two decades. 
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Table 1-4: Summary of the device performance for different TPV technologies. 
 

Material 
Eg 

(eV) 
Jsc 

(A/cm2) 
Voc 
(V) 

FF 
Voltage 
factor 

Comment 

GaSb [86] 0.72 3 ~0.41 - 0.57 MOVPE 
InGa0.53As0.47 [87] 0.74 1 0.465 0.64 0.63  

InGaAsSb [88] 
InGaAsSb [89] 
InGaAsSb [90] 

0.53 
0.53 
0.53 

3 
1 

2.9 

0.344 
0.3 

0.306 

- 
- 

0.67 

0.65 
0.57 
0.58 

LPE on GaSb 
MOVPE and 
MBE on GaSb 
MOVPE on GaSb  

Ge [91] 0.66 10 0.43 - 0.65  
In0.69Ga0.31As [92] 0.6 2.26 0.355 0.665 0.59 MBE on InP 
InAsSbP [83] 
InAsSbP [83] 
InAsSbP [93] 

0.35 
0.44 
0.45 

3 
3 
3 

0.12 
0.17 
0.15 

- 
- 
- 

0.34 
0.39 
0.33 

LPE on InAs 

InGaAs [94] 
Two-junction InGaAs [95] 
J1 
J2 
Total 
 

0.74 
 

0.74 
0.63 

 
 

0.288 
 

0.303 
0.461 
0.296 

 

0.405 
 

0.448 
0.284 
0.724 

 

0.65 
 

0.68 
0.52 
0.73 

 

0.55 
 

0.61 
0.45 

- 
 

MOVPE on InP 
MOVPE on InP  
 
 
 
  

Ga0.03In0.97As0.81P0.06Sb0.13 

[84] 
0.34 0.29 0.028 0.33 0.08 LPE on InAs 

Two-junction 
GaSb/GaInAsSb [96] 

0.726/0.56 0.7 0.61 0.75 - LPE on GaSb  

InGaSb [97] 
InGaSb [98] 

0.56 
0.7 

3 
0.8 

0.27 
0.38 

- 
0.63 

0.48 
0.54 

 

InAs [85] 0.32 0.89 0.06 0.37 0.19 LPE on InAs  

 

1.5 Dissertation outline 

The main focus of this dissertation is on the design and characterization of 

interband cascade (IC) structures for high-performance IR photodetectors and TPV 

cells. Chapter 2 provides a detailed historical background and overview of fundamental 

concepts in IC optoelectronic devices including their unique features. Chapter 3 

discusses the design and development of three sets of high-temperature IR 

photodetectors for LWIR and VLWIR bands. Chapter 4 presents the design and 

implementation of high-performance SWIR IC detectors along with details on the SL 
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design and limiting factors on the device performance. Chapter 5 details the high-speed 

and high-temperature operation of MWIR IC optoelectronic systems with IC lasers and 

detectors. Further discussions on the system design and modeling are also provided in 

this chapter. Chapter 6 presents our research on monolithically integrated mid-IR lasers 

and photodetectors. Detailed discussions on the device design, fabrication and 

characterization along with fabrication issues and challenges are presented. Chapter 7 

reports on the room temperature and above performance of two sets of ICTPV devices 

with cutoff wavelengths of ~3 μm and ˃5 μm. Details of the device performance and 

characterization are given in this chapter. Finally, Chapter 8 summarizes the outcomes 

of this dissertation followed by some concluding remarks on further research and the 

future of IC optoelectronic devices.  
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2 Chapter 2: Interband cascade structures for                                     

infrared optoelectronic devices 

2.1 Background 

The idea of interband cascade (IC) structures for IR optoelectronic devices goes 

back to 1994 [1]. IC structures were first proposed to realize efficient lasers in mid- and 

long-IR bands. At that time, there was a strong demand for mid- and long-IR lasers with 

cw operation at room temperature and lead-salt lasers were the major player for 

decades, although their operating temperatures were typically far below room 

temperature. While lead-salt lasers cover a wide range of wavelengths (3 μm to beyond 

20 μm) their cw operation at room temperature has not been achieved even after several 

decades [2], leading to the advent of quantum engineered lasers (viz. quantum cascade 

lasers (QCLs)[3] and interband cascade lasers (ICLs)[1, 4]). In short, much of the 

related research and development switched from lead-salt lasers to QCLs and ICLs.  

The other two members of the IC devices family: interband cascade infrared 

photodetector (ICIPs) and interband cascade thermophotovoltaic (ICTPV) devices have 

similar structures to ICLs.  Simply put, the fact that the ICL structure provides a 

rectifying function for the flow of carriers, they can be used to achieve photovoltaic 

action. In fact, the first ICIPs reported in 2005 [5] were actually ICL structures. Since 

the active region in ICLs (absorber in ICIPs) is typically comprised of two InAs/GaInSb 

QWs, the detector responsivity of such ICL structures was low. In 2010 [6], ICIP 

structures were refined and InAs/GaSb type-II SL layers with hundreds of nanometers 

to a few microns thickness were used as absorbers [6, 7]. 
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ICTPVs are a relatively new concept introduced in 2010 [8]. These devices have 

similar structure and operation principles to that of ICIPs, however, they operate at a 

forward bias in contrast to zero or reverse bias for detectors. While ICTPV devices with 

conversion efficiencies up to ~10% (see Chapter 7) have been recently demonstrated, 

there has been little work on their design, growth and fabrication compared to laser and 

detector IC devices. 

In this chapter, a detailed overview of the theory and operation principles of 

different types of IC optoelectronic devices along with some discussion on the methods 

of their growth, fabrication and characterization is provided.  

2.2 6.1 Å material system 

2.2.1 Material properties and band alignments 

Interband cascade devices, no matter being a laser, detector or TPV cell, are 

made of InAs, GaSb, AlSb and their alloys. The lattice constant of InAs (6.0583 Å), 

GaSb (6.09593 Å) and AlSb (6.1355 Å) are nearly matched to each other (at 6.1 Å), 

therefore these materials have significant technological advantages with regards to the 

growth and strain engineering. Different properties of these compounds are listed in 

Table 2-1. The heterostructures formed between these materials have unique features 

that make them well suited for the realizion of IC devices. As shown in Figure 2-1, all 

three possible band lineups can be realized with these compounds. AlSb/GaSb, 

AlSb/InAs, and GaSb/InAs QWs have type-I, type-II staggered and type-II broken-gap 

band alignments, respectively. In contrast to type-I QWs, where the electron and hole 

wave functions are spatially located in the same layer, the broken-gap band alignment 
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Table 2-1: Summary of the material properties for the 6.1 Å material family. μe, μh 
and εs are the electron mobility, hole mobility and static dielectric constant, 
respectively. All data are for 300 K and taken from [9]. 
 

Compound 

name 

Eg(300 K) 

(eV) 

Crystal 

structure 

Lattice 

constant 

(Å) 

μe 

(cm2/V.s) 

μh 

(cm2/V.s) 
εs 

Thermal 

conductivity 

(W/cm.K) 

InAs 0.36 
Zinc 

blende 
6.0583 30,000 450 14.3 0.233 

GaSb 0.72 
Zinc 

blende 
6.09593 12,040 1,624 15.5 0.317 

AlSb 1.63 
Zinc 

blende 
6.1355 200 420 11.21 0.592 

 

between InAs and GaSb results in the spatial separation of electron and hole wave 

functions in different layers (see Figure 2-2). As such, the effective bandgap for 

InAs/GaSb QWs can be adjusted over a wide range of energies to cover the SWIR to 

VLWIR bands. 

 
Figure 2-1: Schematic drawing of different band lineups between 6.1 Å material 
family. 
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Figure 2-2: Illustrative comparison between (a) type-I and (b) type-II broken-gap 
QWs. While the electron and hole wave functions are located in the same layer, in 
a type-I QW, they are spatially separated and located in different layers in a type-
II QW [10]. 

2.2.2 Type-II superlattice 

Since their introduction in 1970 [11], superlattice (SL) structures have been 

broadly used to realize different types of electronic and optoelectronic devices such as 

transistors, lasers, and detectors. Due to the type-II broken-gap band alignment between 

InAs and GaSb, SL structures made of these two materials are called type-II 

superlattices (T2SLs). The broken-gap band alignment between the constituting layers 

of a T2SL (see Figure 2-3) bring about some unique features for these structures that 

make them a viable choice for IR detectors in the different IR bands. The T2SL 

bandgap can be tuned over a wide range of wavelengths from 2.3 to 30 μm by merely 

changing the layers’ thickness. Moreover, large electron effective masses (compared to 

Hg1-xCdxTe with similar bandgap), which are relatively insensitive to the structure 

bandgap, makes them less susceptible to tunneling dark currents [12]. Moreover, the 
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nearly matched lattice constants of InAs and GaSb makes them a great candidate for 

multicolor IR detectors [13].  

 

Figure 2-3: Schematic of the conduction and valence minibands in a T2SL 
structure made of InAs and GaSb layers. 

2.3 Interband cascade lasers 

ICLs are not the main focus of this dissertation, however, since the original 

concepts behind the ICIPs and ICTPVs have their roots in ICLs and to provide a self-

contained overview of the theory of IC devices, a brief overview of ICLs is provided in 

the next sub-section. 

2.3.1 Operation principles of ICLs 

ICLs are hybrid lasers in a sense that both interband transitions that are 

incorporated in conventional semiconductor lasers and cascade transport utilized in 

QCLs are employed to achieve lasing action. IC lasers are made of multiple stages that 

are serially connected. Each stage in an ICL is composed of three regions, namely, 

active region, electron injector and hole injector. In modern ICLs, the active region is 

made of InAs/GaInSb/InAs QWs, which is known as W structure [14]. The optical 

matrix element is larger in an active region with W structure compared to single QW 

active regions used in early ICLs. The electron injector in an ICL is made of InAs/AlSb 
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QWs which facilitates the injection of electrons to the conduction band in the active 

region. Holes are also provided to the valence band by the hole injector, which is made 

of GaSb/AlSb QWs. The cascade region that includes the multiple stages is sandwiched 

between the bottom and top cladding layers (see Figure 2-4). 

As can be seen in Figure 2-5, electrons that are injected (under forward bias) to 

the active region are confined in this area to generate population inversion. 

Because of the device band structure, there is a large chance that electrons radiatively 

fall into the valence band in the active region. Then these electrons will go through an 

interband tunneling process and are injected to the conduction band of the next stage, 

where they make another interband transition and emit an additional photon. This 

cascade process is repeated as many times as the number of stages and each individual 

electron emits this number of photons. Due to this electron recycling effect in cascade 

lasers quantum efficiencies larger than 100% and high output powers are achievable. 

The series connection of stages results in lower carrier concentrations (lower injection  

 
Figure 2-4: The schematic structure of a typical ICL. Right side panel is a TEM 
image of the cascade region [15]. 
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current) to achieve lasing action and, as a consequence, the Ohmic losses are smaller 

compared to conventional semiconductor lasers. Also, cascade lasers benefit from a 

more uniform carrier injection across different stages as compared to MQW lasers [16]. 

 
Figure 2-5: Schematic drawing of the band alignments in different regions of an 
ICL [10]. 

2.3.2 Current status of technology 

Depending on the substrate used, two distinctive technologies have been 

developed for ICLs. InAs-based ICLs are the technology of choice for long wavelength 

ICLs (6 μm and beyond), while GaSb-based ICLs have been developed for shorter 

wavelengths. Currently, the shortest wavelength reported for type-II ICLs is 2.8 μm [17] 

and the longest wavelength has been 11.2 μm [18]. ICLs with an emission wavelength 

in 2.8-5.6 μm [17, 19] can operate in cw mode with an output power of ~500 mW at 

room temperature and above[20]. 
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2.4 Interband cascade infrared photodetectors 

2.4.1 Background 

While theoretically projected to outperform Hg1-xCdxTe photodetectors, 

especially in the LWIR and VLWIR bands [21-23], real device implementations have 

not fully realized the benefits of T2SL InAs/GaSb IR detectors [24, 25]. In recent years, 

IR detector designs utilizing various barrier architectures such as nBn, XBn, and 

CBIRD configurations have shown promise to reach the ultimate performance 

predictions for T2SL IR photodetectors [26-28]. Wide bandgap (compared to absorber’s 

bandgap) barriers made of bulk or SL materials reduce the dark current from the 

Shockley-Read-Hall centers, tunneling and diffusion process in these detectors. Despite 

being successful in addressing the high levels of dark current and related noise in T2SL 

IR photodetectors, there are some other performance limiting factors that remain largely 

unresolved. For instance, the reduced absorption coefficient in T2SL LWIR 

photodetectors near their bandgap necessitates a thicker absorber to achieve sufficient 

photon absorption and high quantum efficiency. Nevertheless, increasing the absorber 

thickness beyond the diffusion length would not enhance the quantum efficiency, while 

the diffusion length would be shortened at high temperatures as expected from the 

significantly reduced carrier mobility and lifetime [29-31] in T2SL IR photodetectors at 

such high operating temperatures. This implies that narrower-bandgap materials will 

have shorter carrier diffusion lengths ��,� = ���,���,� and consequently long absorbers 

(longer than the diffusion length) will not produce a high quantum efficiency. 

Therefore, a thick SL absorber does not necessarily enhance the quantum efficiency in a 

T2SL detector, especially at high temperatures. These issues can be circumvented in a 
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multiple-stage device architecture where each individual absorber is shorter than the 

minority carrier diffusion length.  

2.4.2 Theory of ICIPs 

2.4.2.1 Device structure 

ICIPs, which are based on the 6.1 Ȧ material system, are a promising structure 

to address the above-mentioned issues in T2SL IR photodetectors. In these multiple-

stage IR photodetectors each individual absorber, typically made of InAs/GaSb T2SL, 

is sandwiched between hole and electron barriers to form one cascade stage. Note that 

the absorber could be made of a bulk material given that the required band alignments 

are satisfied in different regions of each stage. ICIPs with bulk GaInAsSb absorbers 

have been recently reported by our group [32]. The electron barriers are made of 

GaSb/AlSb QWs and the hole barriers are composed of InAs/AlSb QWs. The 

placement of the electron and hole barriers on opposite sides of the absorber ensures 

that electrons and holes flow in opposite directions. In ICIPs, photo-generated electrons 

and holes are separated without utilizing a conventional p-n junction. Consequently, 

drawbacks of a conventional p-n junction [33] can be avoided.  

The structure of an ICIP and the band lineups in different regions are illustrated 

in Figure 2-6. The incident photons with energies higher than the SL bandgap are 

absorbed in the absorber region and generate electron-hole pairs. The generated 

electrons and holes travel in opposite directions to reach their collection points. The 

collection point for electrons (holes) is the hole (electron) barrier. Electrons that reach 

the hole barrier will relax down the energy ladder provided by the digitally graded QWs 
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and will go through an interband tunneling process to recombine with the holes coming 

from the adjacent stage. 

 
Figure 2-6: Schematic structure of an ICIP. Each stage consists of three regions, 
known as absorber, electron barrier, and hole barrier. Absorbers are typically 
made of T2SL; hole and electron barriers are made of InAs/AlSb and GaSb/AlSb 
multiple QWs, respectively [15]. 

2.4.2.2 Device configurations 

Depending on whether the photons and electrons travel in the same direction or 

not, ICIPs are divided into two categories: regular and reverse configurations as shown 

in Figure 2-7 (a) and (b), respectively. In the regular configuration, photogenerated 

electrons travel in the same direction as the incident photons and consequently most of 

the photogenerated electrons are farther away from the collecting layer (hole barriers). 

This means the photo-generated electrons need to travel relatively long distances before 

reaching the collecting layers. If the diffusion length becomes shorter than the absorber 

thickness in one or more of the cascade stages, some of the photogenerated electrons  

will recombine before being collected at the hole barriers. To circumvent this possible 

problem (which is expected to become more significant at high temperatures and for 

thick absorbers) the reverse configuration was introduced. In a reverse configuration 

ICIP, the layering sequence is reversed and the photo-generated electrons travel in the 
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opposite direction to the incident photons, thus most of these electrons will be close to 

the collection layers (hole barriers). When the minority carrier diffusion length becomes 

shorter than the absorber thickness, it is expected that the reverse configuration ICIPs 

have superior collection efficiency compared to regular configuration devices. Note that 

this is valid only if the minority carriers are electrons and the carrier transport is 

controlled by minority carriers.  

 
Figure 2-7: Schematic band diagram for (a) two-stage ICIPs with regular and (b) 
reverse configurations. Note that photons and electrons travel in the same 
direction in the regular configuration, but in opposite directions in the reverse 
configuration. The two configurations can be realized by reversing the growth 
order of layers in one structure without changing the light illumination direction. 
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2.4.3 Single-single detectors vs. ICIPs 

2.4.3.1 Device sensitivity 

Photocurrent in a single absorber photodetector with a p-type absorber with a 

thickness of t and electron diffusion length of Le can be formulated as: 

                                              ��� = � ∫ ���(�)��(�)��
�

�
 ,                            (2-1) 

                                             ���(�) = �(�)���
��(�)� , and                       (2-2) 

                                 ��(�) =
���� (

(���)
��
� )

���� (� ��� )
 ,                                        (2-3) 

where q, α, φ0, gph(x) and fc(x) denote electronic charge, absorption coefficient, photon 

flux, the generation rate and electrons collection probability, respectively. Note that the 

surface recombination velocity was assumed to be zero in Equation 2-3. As stated in 

Equation 2-1, the detector photocurrent and quantum efficiency (QE) are determined by 

the product of the generation rate and collection probability, therefore a large photon 

absorption without sufficiently long diffusion length (large fc(x) across absorber length) 

does not produce a high photocurrent or QE.  

The rule of thumb for the absorber thickness to ensure sufficient photon 

absorption and QE is to make the absorber thickness equal or longer than the device 

cutoff wavelength [34].Therefore, a 4 μm-thick absorber suites well for an MWIR 

detector with a cutoff wavelength near 4 μm. Longer absorbers are required for 

detectors with longer cutoff wavelengths. Figure 2-8 compares the collection 

probability (fc(x)) vs. the distance from the collection point (x) for a 4 μm-thick 

hypothetical photodetector, where different values were assumed for the minority 
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carriers diffusion length. As shown in this figure, fc(x) is quite sensitive to the device 

diffusion length and sharply decreases for diffusion lengths shorter than the absorber 

thickness. Therefore, if the absorber thickness becomes longer than the minority carrier 

diffusion length, thicker absorbers will not result in enhanced QE. To alleviate this 

problem, a thick absorber can be partitioned into multiple absorbers where each 

individual absorber is shorter than the minority carrier diffusion length. Although the 

device external quantum efficiency (EQE) is not higher than the EQE in a single-stage 

detector with a thick absorber, multiple excitations for each photogenerated carrier 

before its collection at the device contacts reduce the device noise (through an 

averaging process) compared to a single-stage detector. Thus, the device overall 

performance (e.g., signal to noise ratio) is enhanced in a multiple-stage detector. 

Moreover, because the stages are serially connected in a multiple-stage detector, the 

device resistance is higher than a single-stage detector. This large device resistance at 

high temperatures is of significant importance as it can reduce the detector’s noise and 

the complexity of its integration with other system electronics. A detailed theoretical 

analysis of the ultimate performance of multiple- and single-stage photovoltaic 

detectors is provided in [35, 36].  

Based on the theory of ideal ICIPs, where the carrier transport is controlled by 

diffusion process, the product of the device zero-bias resistance and area product (R0A) 

can be written as [35]: 

                                           ��� =
���

�������
∑

�

�����
��
��
�

�                                  (2-4) 
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Figure 2-8: Collection probability for minority carriers (i.e., electrons) vs. their 
distance from the collection point (hole barrier) in a hypothetical photodetector 
with a 4 μm-thick absorber. Provided numbers on each curve denote the assumed 
minority carrier diffusion lengths. Minority carrier diffusion lengths below 1 μm 
are realistic assumptions for T2SL photodetectors at high temperatures as 
discussed in the following chapters. The left side panel shows the simplified 
structure of one stage in an ICIP. 
 

where kB, T, q, gth, Le, and tm are the Boltzmann constant, absolute temperature, electron 

charge, thermal generation rate, electron diffusion length and absorber thickens in the 

mth stage, respectively. From this equation, one can see that the device R0A increases by 

reducing the absorber thickness in each stage provided that the diffusion length is 

longer than its thickness and the Johnson noise term accordingly will reduce. On the 

other hand, thin absorbers reduce the device responsivity due to limited photon 

absorption. This means a tradeoff exists between the lower noise and higher 

responsivity and the device designer should bear in mind an optimum absorber 

thickness and number of stages based on the system requirements and material 

parameters. External quantum efficiency (EQE) in an ICIP is expressed as follows [35]: 
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Since the different stages are assumed to be photocurrent matched, the absorber 

thickness in the first stage (t1) is used in the above equation. If the photocurrent 

matching condition is not satisfied, the stage with the lowest Iph determines the device 

photocurrent. 

The specific detectivity (D*) which is the most relevant metric to compare 

different detectors is described by the following equation in ICIPs [35]: 
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Rather than defining separate terms for shot and Johnson noise, a general noise term 

based on a stochastic treatment of the thermal generation of carriers is introduced in 

Equation 2-6. However, in order to directly calculate the device noise based on the 

device electrical and optical measurements, the device D* can be written as follows: 
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 ,                                        (2-7) 

where Rλ, Jb, and Js are the device responsivity, and the bulk and surface components of 

the device dark current, respectively. As can be seen in the above equation, two separate 

terms are considered for the device shot noise. Since the device bulk dark current passes 

through the cascade region the shot noise term is described by (2qJb)/Ns. However, the 

surface currents do not pass through the cascade structure and therefore the surface 

current shot noise is similar to the shot noise term in conventional single-stage detectors 
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(2qJs). If the surface leakage term (Js) is removed, which is a sound assumption in 

devices with high-quality passivation, the specific detectivity can be written as [6]: 

                                                         �∗ =
��

�
����

��
�
����
��

 .                                      (2-8) 

From Equation 2-8, one can see that even for the same level of dark current (for the case 

of negligible surface currents), an ICIP with more stages will have lower shot noise in 

comparison with a single-stage detector or an ICIP with a fewer number of stages. 

Indeed, lower shot noise (cf. conventional single-stage detectors) has been observed in 

MWIR ICIPs by direct noise measurements [37].  

Figure 2-9 compares the performance of single-stage detectors over that of a 

multiple-stage detector with photocurrent-matched absorbers. The benefits of a 

multiple-stage device are observed when the product of absorption coefficient and 

minority carrier diffusion length (α.Le) falls below 0.5 [35]. To our knowledge, there 

has been just handful of studies on the minority carrier diffusion length in InAs/GaSb 

T2SL material system which are limited to low temperatures. However, our studies on 

the device responsivity and photocurrent in detectors and thermophotovoltaic devices 

with T2SL absorbers confirm that the minority carriers diffusion length is sharply 

reduced at high temperatures. Based on our preliminary analysis on the T2SL diffusion 

length at high temperatures the electrons diffusion length is estimated to be shorter than 

1 μm at room temperature (see section 4.3.2). Furthermore, the absorption coefficient 

for T2SL photodetectors is within 1000-3500 cm-1 range depending on the device cutoff 

wavelength and temperature. This means the absorber thickness should be in the range 

of 3-10 μm to ensure sufficient photon absorption and high QE. The contour plot 
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αLe=0.5 vs. the device absorption coefficient and minority carrier diffusion length are 

provided in Figure 2-10. The shaded area below this curve shows the feasible area 

wherein a multiple-stage device has superior performance over a single-stage detector. 

Based on our investigations, some of which are presented in the following chapters, the 

device absorption coefficient and minority carrier diffusion length for T2SL detectors, 

particularly at longer wavelengths and high temperatures, falls in this area and a 

multiple-stage device will result in a more efficient collection of photogenerated 

carriers and higher D*. 

 
Figure 2-9: Comparison of the device detectivity for a multiple-stage detector (e.g., 
ICIPs) over a single-stage detector [35]. 
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Figure 2-10: Contour plot of αLe=0.5 for different values of the absorption 
coefficient and minority carrier diffusion length. Colored area shows the space 
where a multiple-stage detector has superior performance over a single-stage 
detector. 

2.4.3.2 Device frequency response 

The transit time of photogenerated carriers by means of the diffusion and/or drift 

process reduces as the absorber thickness is shortened in a photodetector. However, in 

conventional single-stage photodetectors, the higher device speed comes with a price on 

the device sensitivity. It is well-accepted that the product of the device bandwidth and 

sensitivity is almost constant in single-stage photodetectors. This issue can be addressed 

in a multiple-stage architecture where each individual absorber is kept short contingent 

with the speed requirements. Meanwhile, because of higher device resistance and lower 

Johnson and shot noise, the device sensitivity is as high as that of a single-stage detector 

with a thick absorber. Aside from the short transit times, as different stages are serially 

connected in a multiple-stage detector, the equivalent device capacitance associated 

with the device structure is lower (Ceq=Csingle-stage/Ns) than that of a single-stage detector 

with a thin absorber. Therefore, the device capacitance and its influence on the device 

frequency response is less of a concern in multiple-stage detectors. 
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2.5 Interband cascade thermophotovoltaic devices 

2.5.1 Background 

Thermophotovoltaic (TPV) systems are clean, quiet (no moving parts), and 

compact photovoltaic systems for converting the radiant energy from a heat source into 

electrical energy. The development of TPV systems has not progressed as quickly as 

expected, and the efficiency of the TPV cells remains far below the predicted theoretical 

limits [38-42]. The bulk of research on TPV cell has focused on GaInAsSb/GaSb [43-

45] and InGaAsP/InP material systems [38-41, 46] with absorber bandgaps of 0.5 eV 

and above. Consequently, the below bandgap loss is the dominant source of loss in TPV 

systems with blackbody-type heat sources. The percentage of total radiated photons 

with energies lower than 0.5 eV is plotted in Figure 2-11 for various heat source 

temperatures. As can be seen in this graph, most of the emitted photons (>50%) have 

energies below 0.5 eV for heat source temperatures below 1650 K. For example, for a 

700 K (1000 K) heat source, 97% (83%) of total emitted photons have energies below 

0.5 eV. Theoretical studies [47] have shown that in the detailed balance limit, TPV cells 

with bandgaps in the range of 0.2-0.4 eV are optimal for TPV applications when the 

emitter temperatures are relatively low. This is meaningful for waste-heat recovery 

applications because more heat sources are available at low temperatures (700-1,000 K) 

and such TPV systems can be made simpler. In fact, it is beneficial to hold the emitter 

at as low a temperature as possible to avoid overheating of the TPV cell when it is 

placed in close proximity of the emitter. This is especially important for micron-gap 

configurations [38, 48] that use TPV cells with narrow bandgaps (<0.5 eV), where the 
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Figure 2-11: Percentage of below-bandgap (Eg=0.5 eV) photons at different heat 
source temperatures. The heat source is assumed to have a blackbody-type 
radiation pattern. 
 

enhanced radiative transfer between hot and cold surfaces is achieved by a micron-gap 

(about the radiation wavelength). Narrow-bandgap TPV cells may also be useful for 

certain laser power-beaming applications. Most notably, mid-infrared light may be the 

best choice for remote energy-delivery in bad-weather conditions, since light transferred 

across other portions of the optical spectrum may be subject to a large amount of 

absorption and scattering losses. 

2.5.2 Theory of ICTPV devices 

The interband cascade architecture offers a promising alternative TPV cell 

design that can mitigate Ohmic losses as well as other issues, such as the low Voc in 

narrow bandgap cells. ICTPV devices are multiple-stage heterostructures in which each 

stage is composed of three regions, namely, absorber, electron barrier, and hole barrier 

(see Figure 2-12). Electron and hole barriers are made of wider bandgap materials to 
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facilitate the separation of photogenerated electrons and holes, making them move in 

opposite directions. As the absorber layer is made of InAs/GaSb T2SL with broken-gap 

band alignment, the bandgap of the absorber can be tailored to cover a wide range of the 

IR spectrum (2.3-30 µm) by merely changing the thickness of each layer in the SL. This 

feature makes the spectral splitting much easier compared to the conventional approach, 

which uses different materials. Similar to multi-junction solar cells, absorbers in an 

ICTPV device could have different bandgaps to efficiently convert photons at different 

energies. When an ICTPV device is illuminated, the photo-voltages from each 

individual cascade stage add together, creating a high overall open-circuit voltage. 

Furthermore, photo-generated carriers can be collected with nearly 100% efficiency in 

each stage. This is because the carriers travel over only a single cascade stage, designed 

to be shorter than a typical diffusion length. Since the carrier transport between 

interband cascade stages are facilitated with the semi-metallic-like type-II 

heterointerface in contrast to the Esaki tunnel junction that is used in conventional 

multi-junction tandem solar cells, series resistance between interband cascade stages is 

negligible. Other advantages of ICPV devices include the elimination of conventional 

depletion region in p-n junctions for suppressing Shockley-Read-Hall recombination 

current; and the flexibility provided by quantum engineering, as discussed more 

extensively in [49]. With these features, ICTPV devices provide an attractive option for 

achieving high performance in the long wavelength spectrum. Further details on the 

theory and ultimate performance of ICTPV devices can be found in [50]. 
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Figure 2-12: Schematic illustration of an ICTPV device with multiple stages. Each 
stage is composed of a T2SL absorber sandwiched between electron and hole 
barriers. Ee and Eh denote the energy for electron (light blue) and hole (green) 
minibands, respectively. The energy difference (Ee-Eh) is the bandgap (Eg) of the 
T2SL. 

2.6 Growth of interband cascade devices 

IC optoelectronic devices are made of thousands of layers, some of which are 

just a few angstroms thick. Therefore, a very high degree of precision and control is 

required during the epi growth. Molecular beam epitaxy (MBE) is an ultra-high vacuum 

(<10-9 Torr) growth system that can achieve these levels of precision. In order to 

achieve monolayer accuracy in epitaxial growth, various cells, which are heated by coil 

heaters, are embedded in an MBE system for growth and doping of epitaxial layers. A 

shutter that is integrated into each cell along with the cell temperature controls the beam 

flux in each cell. Typically, valved cracker cells are used for group V materials (Sb and 

As) to crack Sb4 and As4 into Sb2 and As2 and to achieve better flux control. During the 

growth process, the substrate is heated (Tsub=400-450 °C) and rotated to ensure a 
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uniform material growth. Further details on the MBE growth of the IC optoelectronic 

devices is provided in [51].  

2.7 Fabrication of interband cascade devices 

The device fabrication process flow is similar for all different types of IC 

optoelectronic devices. The ICL’s fabrication has some difference in terms of the mask 

shape and size compared to ICIPs and ICTPV devices. Figure 2-13 displays the device 

fabrication process flow for ICIPs and ICTPV devices. Most of the steps depicted in 

this figure are self-explanatory.  

It is worth noting that for the device passivation a two-layer passivant that 

comprises a SiNx (typically 200 nm thick) layer followed by a SiO2 (the typical 

thickness is same as the SiNx layer thickness) layer is used. The stack passivation made 

of SiO2/SiNx is widely used in solar cells and exhibited superior performance (lower 

surface recombination velocity) compared to single-layer passivation in c-Si solar cells 

[52-54]. Our comparative device performance analysis shows that the device dark 

current is minimized when SiNx/SiO2 with similar thicknesses of 200 nm is used for the 

device passivation. We speculate that the two-layer passivation improves the overall 

stress management and also reduces pin holes, which are a prevalent issue in SiNx 

layers. Since the thermal conductivity of SiNx is more than 20 times higher than that of 

SiO2, better heat dissipation is expected provided that the SiNx layer is deposited before 

the SiO2 layer.  
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Figure 2-13: Device fabrication flow for ICIPs and ICTPV devices. The overall 
device fabrication flow for ICLs is similar to that of ICIPs and ICTPVs. 
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3 Chapter 3: Long- and very long-wavelength                                     

interband cascade infrared photodetectors 

3.1 Background and motivation 

LWIR and VLWIR detectors have a wide range of civilian, defense and security 

applications. These detectors are extensively investigated for thermal imaging, medical 

diagnostics, remote sensing and failure detection and analysis in electronic and electric 

systems. High-performance LWIR and VLWIR photon detectors require cryogenic 

cooling for their operation. The narrow bandgap semiconductors used in these detectors 

are far from ideal and have complicated growth and fabrication process.  

While Hg1-xCdxTe detectors are yet the main player in LWIR and VLWIR 

market after several decades, T2SL-based detectors with some encouraging 

performance have received the most attention in recent years. Nevertheless, along with 

its prominent benefits over Hg1-xCdxTe, T2SL has its own shortcomings that require 

careful considerations and remedies before their adoption by commercial markets. 

The absorption coefficient near the band-edge is reduced as the cutoff 

wavelength of T2SL IR detectors is made longer. Thus, in order to achieve a high 

absorption quantum efficiency in an LWIR detector, the absorber must be thicker than 

those typically used for MWIR detectors. Additionally, the carrier lifetime is expected 

to be lower for narrower-bandgap materials. This implies that these materials will have 

shorter carrier diffusion lengths and consequently the attainable quantum efficiency will 

be lower. This effect could become more detrimental at high temperatures as the 

diffusion length is further reduced, as suggested by data from the literature[1, 2]. 
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Therefore, a thick SL absorber may not necessarily enhance the external quantum 

efficiency in a T2SL detector, especially at high temperatures. 

The discrete multiple absorber architecture used in ICIPs can circumvent these 

issues and will enhance the collection efficiency of photogenerated carriers while the 

detector noise is reduced. Experimental investigations of ICIPs in the MWIR band have 

shown that these detectors can operate at very high temperatures with high 

performance[3, 4]. It is expected that the interband cascade approach will have 

prominent advantages for LWIR and VLWIR detectors, especially for high-operating-

temperature (HOT) applications. In this chapter, we report on the first demonstration of 

LWIR and VLWIR ICIPs. Our preliminary investigations reveal great prospects for 

HOT LWIR and VLWIR ICIPs. 

 

 

 

 

 

 

 



 

72 

3.2 High-operating-temperature ICIPs with ~8 μm cutoff wavelength  

3.2.1 Device design, growth and material characterization 

3.2.1.1 Device design, growth, and fabrication 

The three ICIPs presented in this section were grown at IQE Inc. by MBE on 

GaSb substrates. They were designed with identical unipolar barriers and absorber’s SL 

period (see Figure 3-1) to investigate the effects of different number of stages and 

illumination direction on their electrical and optical properties. Two of these wafers 

were two-stage detectors with reverse (Rev.-2S) and regular (Reg.-2S) illumination 

configurations, while the three-stage detector had the regular illumination configuration 

(Reg.-3S). A detailed discussion on different configurations for ICIPs is provided in 

section 2.4.2.2. Each SL period in the absorbers was designed to be 59 Ȧ thick and 

composed of InAs (33.5 Ȧ), GaSb (21.9 Ȧ) and a thin InSb (3.6 Ȧ) layer. The thin InSb 

layer was inserted in each SL period to compensate for the tensile strain from the InAs 

layers. The SL absorber thicknesses from the top to the bottom were 590 nm (absorber 

#1), 713.9 nm (absorber #2) and 914.5 nm (absorber #3), where the optically deeper 

absorbers were made thicker to achieve photocurrent matching. The absorbers were 

partially p-doped (the half of the absorber thickness close to the electron barriers) to 

3.5×1016 cm-3. The partial doping was, in part, to compensate the possible band bending 

close to the electron barriers as suggested by device simulations [5]. The electron 

barrier comprised of three GaSb/AlSb QWs with 32, 43 and 58 Ȧ thick wells, 

respectively. The hole barrier was composed of seven InAs/AlSb QWs forming an  
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Figure 3-1: Device structure for the ICIPs: (a) regular-illumination configured 
two-stage (Reg.-2S), (b) reversed-illumination configured two-stage (Rev.-2S); and 
(c) regular-illumination configured three-stage (Reg.-3S). Device illumination was 
from the top in all of these detectors. 
 

energy ladder to allow photo-generated electrons in the absorber region to quickly move 

to the adjacent electron barrier or contact layers.  

After the MBE growth, square mesas with edge sizes ranging from 200 to 1000 

μm were fabricated using our conventional contact photolithography and chemical wet 

etching. Further details on the device fabrication can be found in section 2.7. The 

passivation layer for these detectors consisted of a 156 nm Si3N4 layer followed by a 

140 nm SiO2 layer. Both of these layers were deposited by RF-magnetron sputtering. 

Finally, top and bottom contacts made of Ti (30 nm)/Au (300 nm) were deposited and 

the devices were wire bonded for characterization.  

3.2.1.2 X-ray diffraction (XRD) 

The crystalline quality of the wafers was investigated by high-resolution XRD 

(HRXRD). The (004) HRXRD ω-2θ scans and simulations spectra for the three wafers 
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are shown in Figure 3-2. From XRD measurements, the SL period is estimated as 59.34, 

59.41 and 59.25 Ȧ for Reg.-2S, Reg.-3S, and Rev.-2S, respectively, which are only 

slightly (0.4 -0.7%) larger than the designed SL period of 59 Ȧ. The measured XRD  

spectra are in good agreement with the simulations. From the XRD measurements, all 

these ICIP structures had small tensile strain relative to the GaSb substrate, as shown in 

Table 3-1, along with the full width at half maximum (FWHM) of the 0th order peak of 

the SL. These XRD measurements indicate that the interface and material quality was 

similar in the three wafers.  

 
Figure 3-2: High resolution X-ray diffraction measurements (blue) and simulations 
(red) for (a) Reg.-2S, (b) Rev.-2S and (c) Reg.-3S wafers. XRD data reveal similar 
interface and material qualities for the three wafers. 
 
Table 3-1: Summary of the parameters extracted from HRXRD measurements. 
 

Wafer 

 

SL period 

(Ȧ) 

Δa/a  

(%) 
Strain type 

SL 0th order peak FWHM 

(arc sec) 

Reg.-2S 59.34 0.197 tensile 24.94 

Reg.-3S 59.41 0.164 tensile 32.90 

Rev.-2S 59.25 0.128 tensile 30.32 

3.2.1.3 Electroluminescence measurements 

Similar to photoluminescence (PL) measurements, which have been extensively 

used for characterization of semiconductor materials, electroluminescence (EL) spectra 
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can be used to evaluate ICIP structures. The FWHM of the EL spectrum and its peak 

intensity are good indicators of the material quality and its optical properties. EL 

measurements were carried out on ICIPs with the same size (500×500 μm2) at equal 

injection currents (100 mA). Except for growth order, wafers Reg.-2S and Rev.-2S had 

the same cascade structure with the total absorber thicknesses of ~1.3 μm, so that their 

EL can be meaningfully compared. As shown in Figure 3-3, EL from both wafers had 

similar shape and peaks at the same wavelength (5.59 μm at 78 K), with higher peak 

intensity from Reg.-2S. This suggests that the two wafers have similar structural and 

interface quality, while wafer Reg.-2S may have somewhat better quality in terms of 

optical properties. This observation is qualitatively in agreement with our device 

electrical measurements described later. The EL spectra for Reg.-2S at T=78-300 K are 

illustrated in Figure 3-3(b). The EL peak positions are well matched to the device 50% 

photo-response cutoff wavelength (shown later). The photon energy corresponding to 

the EL peak position was approximately equal to the sum of the SL bandgap and the 

thermal energy (kBT) at each temperature. From the EL peak position, the device 

bandgap was 214 meV (5.8 μm) at 78 K and 157 meV (7.9 μm) at T=300 K. 

 
Figure 3-3: (a) EL spectra at 78 K for Reg.-2S and Rev.-2S wafers, (b) EL spectra 
for a device from Reg.-2S at different temperatures. 
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3.2.2 Device characterization and discussion 

3.2.2.1 Electrical measurements 

3.2.2.1.1 Dark current 

Detectors from the three wafers were mounted in a shielded cryostat and the 

device dark current (Id) was measured at temperatures from 78 to 300 K. Dark current 

density (Jd) vs. bias voltage (V) for the three detectors (made from three wafers, 

respectively) are shown in Figure 3-4. For the reversed structure (Rev.-2S), shown in 

Figure 3-4(b), the applied bias had opposite polarity compared to the other two 

structures. At T=78 K the dark current densities were 5.65×10-7 (Reg.-2S), 1.20×10-6 

(Reg.-3S), 7.63×10-5 (Rev.-2S) A/cm2 at a reverse bias of 50 mV. We noticed that the 

measured dark currents at this bias did not follow the theory of ideal ICIPs (with 

diffusion limited dark current) [6]. For example, because the thermal generation of 

carriers is uniform through the absorbers, similar dark currents were expected in Reg.-

2S and Rev.-2S. Also, based on the theory of ideal ICIPs, Reg.-3S was expected to have 

the lowest dark current among these detectors. By inspecting the Jd-V curves in reverse 

bias region we found that none of these detectors had diffusion limited dark current at 

78 K (flattened dark current was not observed for V>>kBT/q in the reverse bias region). 

Hence, the dark currents at this low temperature could not be described by the theory of 

ideal ICIPs. Nevertheless, with similar material quality and fabrication, the Reg.-2S and 

Rev.-2S detectors should exhibit similar electrical characteristics. The significantly 

higher dark current (more than two orders of magnitude) in Rev.-2S in comparison with 

Reg.-2S at 78 K implied that the material growth and/or device fabrication had some  
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Figure 3-4: Dark current densities vs. voltage for: (a) Reg.-2S (regular two-stage), 
(b) Rev.-2S (reversed two-stage) and (c) Reg.-3S (regular three-stage), at different 
temperatures. (d) Dark current densities at T=78 K for representative devices from 
the three wafers. 
 
variations from one wafer to another. Figure 3-4(d) compares the Jd-V curves for 

representative detectors from the three wafers at 78 K. We note that the bias polarity of 

Jd-V curve for Rev.-2S was reversed in this figure to make clear comparisons among 

different detectors. Apparently, Reg.-2S had the lowest dark current density at 78 K for 

a large range of reverse bias (beyond -1 V). The dark current densities for Reg.-2S and 

Rev.-2S converged at ~-2 V. At this high level of reverse bias, the dark current in both 

detectors could be dominated by the tunneling current that was mostly related to the 

device structure and less affected by the quality of the device material and fabrication. 

Properly designed ICIPs operate near zero-bias, where the tunneling has a negligible 
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contribution to the device dark current and does not affect the normal operation of 

devices. 

A linear plot of the dark current density vs. voltage for Reg.-2S and Rev.2S at 78 

K is provided in Figure 3-5. A near-linear relationship between voltage and current for 

Rev.-2S is exhibited over several times the thermal energy voltage (kBT/q) around zero 

bias in contrast with the more ideal-diode-like asymmetric characteristics of Reg.-2S. 

This suggests that Rev.-2S was limited by shunt leakage at low reverse bias. In general, 

such shunt behavior can be identified by inspecting the detector’s I-V characteristics 

under low reverse and forward bias looking for the Ohmic behavior expected for a shunt 

channel. As shown in Figure 3-5, Rev.-2S had significant shunt leakage comparing to 

Reg.-2S, which was responsible for its much lower R0A (620 Ω.cm2) comparing to 

Reg.-2S (5.5×104 Ω.cm2) (where R0A is the zero-bias resistance device area product 

used to unravel leakage mechanisms). We also found that the diffusion dark current was 

smaller in Rev.-2S when the forward bias became higher than 228 mV. By increasing  

 
Figure 3-5: Linear plot of J-V for Reg.-2S and Rev.-2S detectors at 78 K. Shunt 
leakage was clearly observed in Rev.-2S wafer at low injection current. 
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the forward bias, the shunt effect became negligible as the diffusion dark current 

exponentially increased with bias. The lower J in this large bias range in Rev.-2S could 

be attributed to either a lower J0 (saturation dark current density) or a larger n (ideality 

factor) for Rev.-2S. The larger n suggests lower material quality for Rev.-2S, which is 

in contradiction to the other possibility (lower J0) that suggests higher material quality 

for this wafer. Based on the dark current characteristics of the two detectors and EL 

spectra, a larger ideality factor is likely responsible for all the observed behaviors. 

3.2.2.1.2 Activation energy 

To further investigate the device electrical performance, the activation energy 

was extracted by fitting an Arrhenius plot of dark current densities. Fitting results are 

tabulated in Table 3-2. We were able to appropriately fit the dark currents with a single 

activation energy over a wide temperature range for Reg.-2S (78-250 K) and Reg.-3S 

(91-250 K) but not Rev.-2S. The activation energy for Rev.-2S in a reduced temperature 

range (78-100 K) was 37 meV, which was significantly lower than the device bandgap 

and half the bandgap. The Rev.-2S activation energy increased to 71 meV at higher 

temperatures. These low activation energies confirmed that the device dark current was 

essentially controlled by a leakage mechanism (e.g., surface leakage) that was relatively 

insensitive to temperature over this temperature range (78-167 K). We also found that 

the estimated activation energies decreased by increasing the reverse bias and could be 

fitted with similar activation energies for all the three devices over a smaller range of 

temperatures.  
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Table 3-2: Summary of activation energies obtained for the three wafers at 
different reverse bias voltages. Numbers in the parenthesis show the temperature 
range for which the activation energies are applicable. 
 

Wafer 

name 

Device 

config. 

# of 

stages 

Activation energy for different reverse bias (meV) 

11 mV 50 mV 200 mV 500 mV 1000 mV 

Reg.-2S Regular 2 
141 

(78-250 K) 

144 

(78-250 K) 

146 

(91-250 K) 

144 

(111-250 K) 

136 

(143-250 K) 

Reg.-3S Regular 3 
142 

(91-250 K) 

145 

(91-250 K) 

142 

(100-250 K) 

151 

(143-250 K) 

145 

(167-250 K) 

Rev.-2S Reverse 2 

37 

(78-100 K) 

71 

(111-167 K) 

31 

(78-100 K) 

69 

(111-167 K) 

29 

(78-100 K) 

64 

(100-167 K) 

22 

(78-100 K) 

62 

(100-167 K) 

15 

(78-100 K) 

45 

(111-167 K) 

 

This supports the idea that the dominant source of dark current transitions from 

a more temperature sensitive mechanism (e.g., diffusion or g-r) to a less temperature 

sensitive mechanism (e.g., tunneling) by increasing the reverse bias in these detectors. 

The extracted activation energy (at -11 mV) was ~140 meV for Reg.-2S and ~142 meV 

for Reg.-3S, which is smaller than the device bandgap. Activation energies obtained for 

these two detectors indicate that the dark current is not limited by diffusion in these two 

detectors and the g-r current has a substantial contribution among different factors. 

Values of R0A for representative devices at different temperatures are shown in 

Figure 3-6. At T=125 K and higher temperatures, the R0A for a device made from wafer 

Rev.-2S is larger than the other two devices made from wafers Reg.-2S and Ref.-3S. As 

discussed below, this abnormal behavior probably resulted from an undesirable 

electrostatic barrier in the Rev.-2S structure, which blocked both dark current and 

photocurrent. The very low zero-bias photo-response observed in Rev.-2S confirms the 
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Figure 3-6: R0A vs. temperature for: Reg.-2S (squares), Rev.-2S (triangles) and 
Reg.-3S (circles). 
 
the existence of this electrostatic barrier. In other words, the higher value of R0A for 

Rev.-2S (at T≥125 K) came at the expense of decreased photocurrent and does not 

necessarily imply a better performance for detector Rev.-2S compared to the other two 

detectors at these temperatures. 

At temperatures of 125 K and above, Reg.-3S had higher R0A than Reg.-2S. In 

contrast to Rev.-2S, the undesirable electrostatic barrier was not observed in Reg.-2S 

and Reg.-3S structures. Consequently, the higher value of R0A observed in Reg.-3S was 

attributed to the extra stage in its structure. These two observations suggest that at 

relatively high temperatures, the imperfections associated with the device growth and 

fabrication was less influential on the device performance and diffusion currents may 

start to dominate the device dark current.  

As discussed in Chapter 2, the R0A for photocurrent-matched ICIPs with 

diffusion-limited dark current can be expressed by Equation 2-4. From this equation, a 
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higher R0A is expected in detectors with more stages. Assuming that the minority carrier 

diffusion length is larger than the absorber thickness in all of the device stages (i.e. 

Le,h>>dm), which is a reasonable assumption for ICIPs at certain temperature ranges.  

For the two- and three-stage detectors we have: 

                               
����������
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                                (3-1) 

where d1, d2, and d3 denote the absorber thicknesses in different stages. The above ratio 

is equal to 1.35 for detectors presented in this work. The extracted ratios between 

measured R0A values for the Reg.-2S and Reg.-3S devices (two- and three-stage regular, 

respectively) are 1.13, 1.31, 1.37,1.35 and 1.31 at T=125, 143, 167, 200 and 250 K, 

respectively. These values agree very well with the theory for ICIPs [6]. We expect that 

by improving the material quality and the device fabrication theoretically predicted 

performance will be obtained at lower device temperatures. 

3.2.2.2 Optical measurements 

3.2.2.2.1 Responsivity 

Response spectra were obtained using our established setup for response 

characterization (see section 1.3.1.1) and a 600 K blackbody source. Figure 3-7 shows 

the zero-bias responsivity spectra for devices made from wafers Reg.-2S and Reg.-3S at 

T=78-300 K. These regular two- and three-stage ICIPs had responsivities of 0.38 and 

0.34 A/W at 78 K for λ=5 μm, respectively, which indicates an effective 

implementation of photocurrent matching between different stages in these two 

detectors. As can be seen in this figure, the responsivity mismatch (~10% at 5 μm) 

between the two- and three-stage ICIPs increased at shorter wavelengths. Considering 
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the stronger absorption at the shorter wavelengths and specific requirements for 

particular applications, better photocurrent matching can be achieved by increasing the 

absorber thickness for optically deeper stages. The two detectors were able to sustain 

full photo-response at zero bias (the photo-response did not increase with a reverse bias) 

at temperatures up to 200 K, which means that the photo-generated carriers were 

efficiently collected up to this temperature. At T=250 K the photo-response started to 

decrease in both detectors. Because of decreased diffusion length and carrier lifetime, 

the carriers transport and collection become less efficient at high temperatures. Since 

ICIPs are multiple stage detectors with flexible absorber thicknesses and number of 

stages, the collection of photo-generated carriers and the device performance at room 

temperature (and above) can be improved by carefully adjusting the structure 

parameters. The inset to Figure 3- 7(b) shows relative photoresponse spectra (without 

calibration) for devices at temperatures up to 340 K. Despite being somewhat noisy at 

these temperatures, we were able to operate a three-stage ICIP with decent response 

spectra up to 340 K where the 100% cutoff wavelength was longer than 8 μm. At T=  

 
Figure 3-7: Zero-bias response for (a) Reg.-2S and (b) Reg.-3S at different device 
temperatures. The responsivity increased for temperatures up to 200 K in Reg.-3S 
detector. Inset in (b) shows the response spectra at 320 and 340 K. 
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300 K the response for the three-stage detector was higher than the response of the two-

stage ICIP, which was contrary to our observations at lower temperatures. This 

discrepancy may be attributed to the uncertainty and inaccuracy in our measurements 

due to a very low resistance (e.g., <10 Ω) for devices especially with two-stage 

structures at high temperature. In such scenarios, the series resistance from contact and 

external wire connections could be comparable to or even higher than the internal 

device resistance, presenting a difficulty in extracting an accurate value of intrinsic 

photocurrent in devices at high temperatures. Hence, the responsivity could be 

underestimated for devices at high temperatures, which might be more significant for 

the two-stage devices (since the device resistance was lower in two-stage devices 

compared to three-stage devices). For ICIPs with more stages, this difficulty is 

alleviated because the internal device resistance increases with the number of cascade 

stages. This is another advantage of multi-stage ICIPs over a single-stage detector for 

high-temperature operation.  

In addition to the relatively poor electrical performance (especially up to 125 K), 

the optical characteristics of Rev.-2S were also not as good as the other two wafers. At 

zero-bias, a typical Rev.-2S detector had a low responsivity (e.g., 25 mA/W at 78 K for 

λ=5 μm), which was about 15 times smaller than the response for Reg.-2S detectors. 

Figure 3-8 shows the responsivity vs. reverse bias for Rev.-2S detectors. As can be seen 

in this figure, a relatively high reverse bias was required in order to reach the maximum 

photoresponse in this detector. Ideally, Rev.-2S and Reg.-2S should exhibit similar  

response characteristics at any bias. The unexpected photo-response observed in Rev.-

2S may have two explanations: 
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Figure 3-8: Responsivity vs. reverse bias (at λ=5 μm) for Rev.-2S at temperatures 
up to 200 K. By increasing the device temperature, higher levels of reverse bias 
were required to reach the same response level. 
 

(1) The existence of an undesirable electrostatic barrier between the absorber and 

the hole (or electron) barrier that inhibited the transport of electrons (and/or 

holes). 

(2) Although SL absorbers were partially p-doped, the minority carriers could be 

holes (rather than electrons) at certain temperatures and/or the transport in the 

SL may become limited by intrinsic carriers and ambipolar diffusion at high 

temperatures.  

If (1) is true, then at higher temperatures as carriers gain more thermal energy, the 

electrostatic barrier will become less effective in blocking the photo-generated carriers. 

This was in agreement with our observations for the zero-bias response in Rev.-2S. 

However, it cannot explain why a relatively high reverse bias is still required to reach 

similar response values at higher temperatures. For detectors with narrow bandgaps, the 

intrinsic carrier concentration increases rapidly with temperature and may become 
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comparable to the absorber doping level at certain temperatures. This is likely in a 

T2SL because of its narrow bandgap and the n-type (background) doping expected for 

InAs layers grown by MBE. Because holes have a considerably lower diffusion length 

comparing to that of electrons, if the transport of carriers was largely affected by holes, 

then the reverse illumination configuration (Rev.-2S), in which most of the 

photogenerated holes were away from the collection layer (the electron barriers), would 

be less effective to collect the photo-generated carriers. In this case, a certain reverse 

bias is required to facilitate the holes’ transport. As the diffusion length and carrier 

lifetime decrease at high temperatures, a relatively larger reverse bias is then required to 

reach significant response levels by increasing the device temperature.  

3.2.2.2.2 Detectivity 

For detectors made from wafers Reg.-2S and Reg.-3S we were able to achieve 

the maximum response under zero bias for temperatures up to 200 K, and the Johnson-

noise-limited detectivity (D*) was used to evaluate the device sensitivity. Figure 3-9(a) 

shows the Johnson-noise-limited D* at 5 μm for devices made from the three wafers. At 

temperatures up to 125 K, the calculated D* for Reg.-2S was larger than the 

corresponding values for Reg.-3S. This difference was in disagreement with theoretical 

predictions and is attributed to the lower responsivity (probably due to mismatch of the 

photocurrent with the third stage absorber) and lower R0A in the Reg.-3S device at 

temperatures lower than 125 K. At temperatures above 125 K, D* in Reg.-3S was 

higher, in qualitative agreement with the theory. Compared to Rev.-2S, Reg.-2S and 

Reg.-3S had higher D* at 78 K (~2 orders of magnitude), which is related to their much 

lower dark current and their higher photocurrent under zero-bias operation.  
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For Rev.-2S, the detector’s response was bias dependent at all the temperatures 

so the shot noise term related to the device dark current needs to be considered in the 

evaluation of D* (Equation 2-8). Note that the shot noise in ICIPs is inversely 

proportional to the number of stages (Ns) [7]. This implies that the shot noise is reduced 

in ICIPs with more stages. In other words, at equal dark currents, the overall noise is 

lower in a multiple stage ICIP compared to a single stage detector. Specific detectivity 

as a function of the reverse bias for Rev.-2S at T=78-200 K is shown in Figure 3-9(b). 

The D* increased in the Rev.-2S device by adding the reverse bias to a certain level and 

then it started to decline at higher reverse biases. The observed bias dependent behavior 

for D* suggests that the increase in the device signal (photocurrent) for a reverse bias 

was more significant than the dark current increase up to some levels of reverse bias, 

resulting in increased D* with reverse bias. 

 
Figure 3-9: (a) Zero-bias specific detectivity (at λ=5 μm) for the three wafers up to 
room temperature. (b) D* for Rev.-2S vs. reverse bias for temperatures up to 200 
K. 
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3.3 Long wavelength ICIPs with cutoff wavelength of ~9 μm  

3.3.1 Device structure, growth, and fabrication 

Two LWIR ICIPs with two stages and with reverse configuration (wafers R120 

and R121) were designed to investigate the performance of ICIPs in this band. The 

layering sequence was nearly identical in both detectors, aside from their InSb strain-

balancing layers. The absorber layers had thicknesses of 620.0 nm and 756.4 nm, with 

each SL period composed of 36.3 Ȧ of InAs and 21.9 Ȧ of GaSb. In each SL period of 

R120, a 1.9-Ȧ-thick InSb layer was intentionally inserted into both the InAs-on-GaSb 

and the GaSb-on-InAs layers as the interface layer. However, in R121, the InSb layer 

(3.8 Ȧ) is only inserted into the GaSb-on-InAs layers. Figure 3-10 shows the schematic 

drawing of these two structures. The device fabrication process followed the process 

flow described in section 2.7 with a 170 nm of Si3N4 followed by 137 nm of SiO2 for 

device passivation. 

 
Figure 3-10: Schematic drawing of the device structure for R120 and R121 wafers. 
The only difference between the two wafers was the InSb strain-balancing layers 
used in each period of T2SL absorbers.  
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3.3.2 Electrical performance 

For dark current measurements, the devices were mounted in a cryostat with a 

cold shield. Many devices made from these two wafers were characterized. At 78K, the 

average R0A for the R121 wafer (16 detectors) was 58.3 Ω.cm2. This value was 

noticeably higher than the average value (32.7 Ω.cm2) for devices (17 detectors) made 

from the R120 wafer. Comparing the best performing devices from both wafers (see 

Figure 3-11), the dark current density at 50 mV was 3.0×10-4 (3.5×10-4) A/cm2 for R121 

(R120) with corresponding R0A of 150 (115) Ω.cm2 at 78 K. The electrical 

characteristics of devices made from these two wafers did not exhibit any enhancement 

(lower dark current) by using two InSb interface (R120) over one InSb interface 

detectors (R121), which is in agreement with our material characterizations (X-ray 

diffraction and optical microscopy) [8]. This suggested that wafers R120 and R121 had 

comparable material quality.  

 
Figure 3-11: Dark current density (Jd) vs. voltage (V) at 78 K for two devices made 
from R120 and R121 wafers.  



 

90 

Jd-V curves at different operating temperatures for a representative 

photodetector from the R120 wafer are shown in Figure 3-12. In order to identify the 

dominant dark current mechanism, an Arrhenius plot of the device dark current (at 50 

mV bias) across the 100-250 K temperature range was fitted to the following equation: 

                                                  �� = ��
�

��
��� ,                                           (3-2) 

where Ea is the activation energy. As shown in the inset to Figure 3-12, the activation 

energy is estimated to be 102 meV. The activation energy (not shown in the figure) for 

devices from wafer R121 is 126 meV. At 78 K the corresponding bandgap energy at the 

100% cutoff wavelength for photoresponse was 131 and 135 meV for wafers R121 and 

R120, respectively. The fitted activation energy was closer to the device 100% bandgap 

energy at 78 K for wafer R121. These activation energies imply that the detectors are 

neither diffusion limited nor dominated by the g-r process (activation energy is larger 

than Eg/2) for this temperature range. The deviation from the diffusion limit is probably 

related to the non-uniform doping that is applied to the absorber regions, which may 

result in an electric field that could affect the Shockley-Read-Hall generation-

recombination in the absorber layers. Further investigations are required to quantify 

different elements of dark current in ICIPs.  
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Figure 3-12: Dark current density vs. bias at different temperatures for an LWIR 
detector from R120 wafer. The inset shows the fitted activation energy for the 
Arrhenius plot of the device dark current. 
 

3.3.3 Optical performance 

3.3.3.1 Responsivity 

The optical response characterization of the devices was performed using a 600 

K blackbody source with a 0.76 cm aperture size positioned 30 cm away from the 

device under test (DUT). The device 100% cutoff wavelength was ~9.2 μm at 78 K and 

extended to ~11.4 μm at 220 K. For devices from the R120 wafer, the device response 

increased by raising the device temperature and was not bias-dependent up to 167 K. 

However, at higher temperatures (as shown in Figure 3-13), the maximum response was 

achieved under some level of reverse bias. Notice that a somewhat higher reverse bias 

was required to reach maximum response at higher device temperature. The zero-bias 

response spectra at temperatures of 240 and 250 K are also shown in the inset to Figure 
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3-13. For these temperatures, we were not able to sufficiently bias these detectors, 

because the dark current overloaded the current amplifier. While some uncertainty 

exists in the accuracy of the calibrated photoresponse at elevated temperatures, it is 

clear that the device photoresponse sharply decreases at high temperatures (the 

calibrated response at 240 K was more than 4 times lower than the response at 125 K), 

which is indicative of significantly shorter diffusion length at elevated temperatures. 

Therefore, the absorbers thicknesses in each stage should be further reduced to achieve 

full response under zero-bias condition. 

The bias dependency of the response at high temperatures is an indicator of 

inefficiencies in the carrier transport process, which could be ascribed to the decreased 

diffusion length. Switching of the residual doping from p-type to n-type for InAs/GaSb 

SL material has been reported in [9-11]. Studies of mid-wave infrared InAs/GaSb SLs 

confirm that the material becomes n-type for temperatures higher than 120 K [11].  

 

Figure 3-13: Responsivity spectra of a photodetector from R120 wafer at 
temperatures up to 220 K. Inset shows its zero-bias responsivity spectra at 240 and 
250 K.  
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There is a strong possibility for a carrier-type alteration to occur at lower 

temperatures for LWIR photodetectors due to thicker layers of InAs that are included in 

each SL period. The resulting lower diffusion length of holes and the revered designed 

utilized in these photodetectors could negate the carrier collection. 

3.3.3.2 Detectivity 

The detectivity for a representative device from R120 wafer is displayed in 

Figure 3-14 at different temperatures. At 78 K, the highest D* for R120 and R121 

wafers at λ = 8.0 μm under zero-bias operation was 3.71010 cm.Hz1/2/W. In contrast to 

the response curves that have their maximum at relatively large reverse bias, 

particularly at high temperatures, D* did not increase with reverse bias. We also note 

that although the device resistance was higher at a small reverse bias compared to the 

zero-bias resistance  (lower Johnson noise), the increased dark current under a reverse 

bias (larger shot noise) had a more significant influence on the device signal to noise 

ratio, resulting in a reduced value of D*.  

 
Figure 3-14: Detectivity D* for a detector made from R120 wafer at temperatures 
up to 220 K.  
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3.4 Very long-wavelength ICIPs 

3.4.1 Device design, growth, and fabrication 

A set of three photo-current matched ICIP structures was designed to target the 

VLWIR region. For this set, each SL period was composed of 45-Ȧ-thick InAs and 

21.2-Ȧ-thick GaSb layers, with a thin InSb (4.8 Ȧ) layer inserted into the GaSb-on-InAs 

layers as an interface to compensate the tensile strain introduced by the relatively thick 

InAs layers. The two- and three-stage devices had 568-nm and 639-nm-thick absorbers. 

The three-stage detectors had an additional stage with a 752.6–nm- thick absorber. To 

compare the performance of ICIPs with that of single-stage detectors, the third structure 

was a one-stage device with the absorber thickness of 1.96 µm, equal to the total 

thickness of the absorbers in the three-stage device. The schematic structure for these 

ICIPs is shown in Figure 3-15. In order to make electrons the minority carriers, half of 

the GaSb layers in the SL absorbers were p-doped with a doping density of 3.9×1016 

cm-3. The electron and hole barriers in each of these devices had identical designs and 

all the ICIPs were grown by MBE on non-intentionally doped GaSb substrates at OU. 

After growth, square mesa devices with edge lengths ranging from 200 to 1000 μm 

were fabricated using conventional contact UV lithography and chemical wet etching. A 

228-nm- thick Si3N4 layer was used as the passivation layer for these detectors and the 

top and bottom contacts consisted of sputtered 30-nm-thick Ti and 300-nm-thick Au 

layers (no contact annealing was performed).  
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Figure 3-15: Schematic structure of the three VLWIR detectors. 
 

3.4.2 Electrical performance 

As shown in Figure 3-15, the VLWIR ICIPs had a reverse configuration. Since 

the hole barrier is at the top of each stage, the device is under reverse bias when a 

positive voltage is applied to the top contact. Dark current density (Jd) vs. bias voltage 

(V) for representative one-, two- and three-stage devices at various temperatures is 

shown in Figure 3-16. As displayed in this figure, the dark current density at 78 K for a 

one-stage device (e.g., 0.1 A/cm2 at 50 mV) was the highest among all the three 

detectors. This was expected based on the theory for ideal diffusion-limited detectors. 

However, the dark current data for some two- and three-stage devices, especially at low 

temperatures, did not follow what was expected from theoretical predictions [6, 7]. This 

was likely due to variations in material uniformity and device fabrication. For devices 

shown in Figure 3-15, at 50 mV and at 78 K, the dark current density was 25 mA/cm2 

for a three-stage device, which was comparable to the corresponding value of 24 
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mA/cm2 for a two-stage detector. For a multiple stage detector with diffusion limited 

dark current, the product of device resistance at zero bias (R0) and device area (A) is 

expressed by Equation 2-4. One can see that R0A is proportional to the sum of 

1/tanh(dm/Le) and will be higher for detectors with more stages, and is lower for 

detectors with longer absorbers. Applying Equation 2-4 to VLWIR detectors at 78 K 

and assuming that the minority carrier diffusion length is much longer than the absorber 

thickness (i.e., dm/Le <<1), the R0A for two- and three–stage detectors should be 6.5 and 

9.1 times larger than the corresponding value for the one-stage detectors, respectively. 

The experimentally extracted values of the R0A for the two- and three-stage detectors 

were 2.4 Ω.cm2 and 2.3 Ω.cm2, which are about 4 times higher than that of the one- 

stage device (0.56 Ω.cm2). Hence, R0A for multiple-stage devices was not as high as 

expected from Equation 2-4 in the dm/Le <<1 limit. This discrepancy indicates that the 

dark current in these detectors deviated from a diffusion-limited behavior, as mentioned  

 
Figure 3-16: Dark current density vs. bias voltage for one-, two- and three-stage 
VLWIR ICIPs for 78-143 K. 
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above, and that the carrier transport is primarily mediated by other processes that cause 

the minority carrier diffusion length to be shorter than the absorber thickness. If the 

diffusion length is much shorter than the absorber thicknesses (i.e. dm/Le >>1), the R0A 

for the two- and three-stage detectors would be smaller according to Equation 2-4 and is 

only two and three times larger than the one-stage detector, respectively. However, the 

measured values were higher than the theoretical projection in the limit of dm/Le >>1. 

This suggests that the dark current may not be dominated by the diffusion process 

and/or the absorber thicknesses–to-diffusion length ratio was somewhere between these 

two extreme cases (i.e., dm/Le <<1 and dm/Le >>1).  

At temperatures above 100 K, the dark current density was lower for the three-

stage detector than for the two-stage device, which is qualitatively more consistent with 

what is implied in Equation 2-4. The irregular behavior at low temperatures suggests 

that additional factors (such as variations in the material and fabrication quality) 

influence the device dark current. For all devices from the three wafers, the dark current 

was sensitive to the bias voltage across the entire range of applied reverse bias and did 

not saturate. Note that the dark current densities in VLWIR detectors are intrinsically 

high due to the very narrow bandgaps. Additionally, crystalline defects (surface defect 

density of 5-10105 cm-2) and defect-assisted tunneling open additional channels that 

increase the dark current in these devices. 

3.4.3 Optical characteristics 

3.4.3.1 Responsivity 

Optical response measurements were performed following the procedure 

described in section 1.3.1.1. Notice that the blackbody source was placed at a distance 
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of 9.5 cm from the device under test (DUT) to enhance the signal to noise ratio during 

photocurrent measurements. Unlike most of our ICIPs, which have a large photo-

response under the zero-bias condition, the device photocurrent was strongly bias 

dependent and substantially increased under reverse bias in these ICIPs. This behavior 

is indicative of some non-idealities in the carrier transport. One possible situation is the 

existence of an unintentional electrostatic barrier between the absorber and the hole 

barrier, which impeded the collection of the photo-generated electrons. Meanwhile, the 

SL absorber is InAs rich (there is about twice as much InAs as GaSb in the SL for the 

VLWIR detectors) and the background doping of MBE-grown InAs is n-type, therefore 

chances are that the SL absorber may have become n-type, despite the intentional p-

doping of the absorber in GaSb layers. Furthermore, due to the very narrow bandgap of 

these detectors (at 78 K), it is likely that the intrinsic carrier concentration (ni) becomes 

higher than the doping concentration. Thus, even with intentional p-doping of the 

absorber (in GaSb layers), the SL absorber may be n-type in VLWIR detectors, even at 

low temperatures [9]. This implies that the diffusion length could be shorter than 

expected due to the low vertical hole mobility in InAs/GaSb SLs. Consequently, the 

collection of photogenerated carriers would be less efficient, particularly in the reverse 

configuration ICIPs, where most of the holes are generated far from the collection point. 

In this case, the applied reverse bias would accelerate holes towards the electron barrier, 

i.e. the collection point and facilitates the carriers transport. 

The responsivity spectra (Rλ) for a two-stage detector at 78 and 100 K are shown 

in Figure 3-17. At 10 μm the responsivity was 0.35 A/W at 78 K under 300 mV bias. 

However, as stated above, the responsivity was low at zero bias for all tested devices 
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made from the three wafers. As shown in inset (a) to Figure 3-17, for the zero-bias 

responsivity at λ = 10 μm, the single-stage device with the thickest absorber had the 

lowest photo-response, while the three-stage device, with the second thickest absorber 

(in its third stage), had the second lowest value. Their zero-bias responsivity increased 

with raising the device temperature up to 143 K. Such a temperature dependence 

characteristic was observed for all tested devices from the three wafers. At higher 

device temperatures, photogenerated carriers have larger thermal energy and have better 

chance to surmount the electrostatic barrier. This observation supports the existence of 

an unwanted electrostatic barrier that blocks the collection of photogenerated carriers. 

At 78 and 100 K, the photoresponse of these detectors increased significantly with 

reverse bias. For example, the responsivity at 10 μm increased from 4.0 mA/W at zero 

bias to 352 mA/W at 300 mV for a two-stage ICIP at 78 K. At 100 K, the responsivities 

were reduced compared to the values for the three devices at 78 K and at the same bias 

voltage. For instance, under 150 mV the one-stage device exhibited a significant 

(~46%) reduction in its photo-response as the temperature was increased from 78 to 100 

K. However, the responsivities for the two- and three-stage devices at the same bias 

(150 mV) were moderately decreased (6% for two-stage and 13% for three-stage) 

compared to their values at 78 K. This is indicative of a poorer collection of photo 

generated carriers in thick-absorber detectors at higher temperatures. The responsivity 

for temperatures above 100 K for the two-stage detector (under zero-bias) is shown in 

inset (b) to Figure 3-17. We attempted to identify the maximum operating temperature 

at which a meaningful response spectrum could be obtained using the FTIR  
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Figure 3-17: Responsivity spectra (Rλ) for a two-stage VLWIR detector at 78 and 
100 K under reverse bias. Indicated voltages are the bias at which the maximum 
response was acquired. Inset (a): zero-bias Rλ at λ =10 μm for one-, two- and three- 
stage ICIPs at different temperatures. Inset (b): Zero-bias Rλ at 125 and 143 K for 
the two-stage VLWIR photodetector.  
 

spectrometer. Although the response spectra were noisy, both two- and three-stage 

detectors were able to operate up to 185 K, which is higher than the maximum operating 

temperature of 167 K for the single absorber detector. 

3.4.3.2 Detectivity 

To further compare the performance of these ICIPs, the normalized detectivity, 

D*, was calculated (see Figure 3-18). Since the maximum photoresponse was obtained 

under a reverse bias, the dark current shot noise was considered for the D* calculations 

(Equation 2-8). As shown in Figure 3-18, D* for the two-stage detector was comparable 

to that of the one-stage detector, while it was significantly lower in the three-stage 

detectors. The unexpectedly lower D* in three-stage devices was attributed to their low 

responsivity and high dark current. In the one-stage device, the responsivity is 
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substantially higher because of the thicker absorber (1.96 μm). For example, at a bias of 

150 mV and λ=10 μm the responsivity was 0.68 A/W for one-stage detector; while it 

was 0.29 and 0.12 A/W for two- and three-stage detectors. Because the two- and three-

stage detectors were designed to be photocurrent-matched, equal responsivities were 

projected for these photodetectors. However, the three–stage detectors had lower 

responsivity, which could be associated with the imperfect implementation of 

photocurrent matching and the requirement of a higher bias voltage for reaching the 

maximum photocurrent with an additional stage.  

Under a 150 mV bias, the D* for the single-absorber detector at T=78 K and 

λ=10 μm was 1.5109 cm.Hz1/2/W, which is lower than 41010 cm.Hz1/2/W reported for 

a 14-μm-cutoff-wavelength detector with a similar absorber thickness (1.9 μm) [12]. 

The peak responsivity of 0.81 A/W obtained for the single-stage detectors was 

somewhat lower than the peak responsivity of 1.4 A/W at similar wavelengths reported  

 
Figure 3-18: Detectivity D* for representative one-, two- and three-stage VLWIR 
ICIPs at 78 K. Since the device response was obtained under reverse bias, both 
Johnson and shot noise terms were included in D* determination. 
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in [12]. This implies that the lower D* in our detectors was related to both the lower 

signal (Rλ) and higher levels of noise (i.e., dark current shot noise). If the maximum  

photo-response was obtained under zero-bias condition, the corresponding Johnson-

noise-limited D* would be 9.5×109 cm.Hz1/2/W, 8.3×109 cm.Hz1/2/W, and 4.1×109 

cm.Hz1/2/W for the one-stage, two-stage, and three-stage detectors, which is more than 

~5-7 times higher than the corresponding maximum values of D* obtained for these 

detectors. Thus, much higher D* can be achieved by merely optimizing the device 

structure for zero-bias operation. 

As a final note, it should be mentioned that in an ideal case where the absorber 

thicknesses are shorter than the carriers diffusion length, the particle conversion 

efficiency (PCE) (PCE=Ns.EQE), is proportional to the total absorber thicknesses. 

Hence, the PCE is equal for both one- and three-stage detectors due to their similar total 

absorber thicknesses. However, the measured values for PCE (in three-stage ICIP) was 

significantly lower (about 70% at 10 μm) than PCE in the one-stage device. It is 

speculated that some levels of current mismatch exist in two- and three-stage ICIPs. 

Furthermore, we were unable to apply sufficient bias to reach the full response (where 

the device photoresponse does not further increase by increasing bias) in these 

detectors. Because the photoresponse exhibited a very strong bias dependency, higher 

levels of reverse bias might be required for a detector with more number of stages to 

reach maximum photoresponse. The high levels of dark current and instrument 

limitations precluded measurements outside a small range of applied voltages. 

Therefore, the reported D* values may not be the maximum possible D* that can be 

achieved with these detectors. At all the measurement temperatures (78-143 K), the 
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highest D* was obtained for the two-stage ICIP, however, this result may have been 

constrained by the limited bias voltage applied to these detectors. 

3.5 Summary and concluding remarks 

In summary, three sets of LWIR and VLWIR ICIPs were designed and grown to 

investigate the influence of number of stages and configuration on the device low and 

high temperature performance. 

Devices from the first set were able to operate at room temperature and above 

(up to 340 K) with a cutoff wavelength beyond 8 μm. At temperatures above 125 K, 

better device performance was achieved for the three-stage ICIPs compared to the two-

stage ICIPs, demonstrating the benefits of utilizing more stages. In the middle 

temperature range (125-200 K), the experimentally extracted R0A ratios between the 

three- and two-stage ICIPs (regular illumination configuration) were in excellent 

agreement with the theoretical predictions for diffusion limited ICIPs. This suggests that 

the device performance could be mainly determined by intrinsic processes at such 

medium temperatures, and high temperatures with improved design. It is expected that 

with improvements in the growth and fabrication, enhanced performance for ICIPs with 

more stages will be observed at lower temperatures. 

While detectors from the two LWIR (λc≈9 μm at 78 K) wafers had excellent carrier 

transport and response at low temperatures, both wafers exhibited bias dependent 

response at high temperatures (167 K and above), providing additional evidence on 

inefficient carrier transport at high temperatures in T2SL detectors. The activation 
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energies obtained from the temperature dependence of the dark current imply that the 

device was limited neither by diffusion nor g-r processes.  

Measurements for the VLWIR ICIPs show some non-idealities in the carrier 

transport that may arise from the presence of an unintentional electrostatic barrier and the 

n-type background doping of the SL absorber. The latter effect leads to lower collection 

efficiencies due to the inefficiency of hole transport in SL absorbers. We speculate that 

absorbers in these VLWIR and LWIR ICIPs are n-type, especially at high temperatures.  

In this case, holes would become the minority carriers with less efficient transport 

compared to the electrons. This is consistent with the observation that external bias was 

required to aid the collection of photocarriers. We have also observed high levels of dark 

current, which arise from a very narrow bandgap, high defect densities, and possible 

fabrication process issues. The finding that hole transport influences the VLWIR detector 

performance indicates that modifications in the ICIP structures are needed. Such 

modifications may include: shorter absorbers and better band-edge alignments between 

the absorbers and the unipolar barriers, as well as p-type doping in each layer of the SL 

absorber to make electrons as the minority carriers. These modifications should be 

investigated in the future works. 
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4 Chapter 4: Short-wavelength interband                                       

cascade infrared photodetectors 

4.1 Motivation and background 

Short-wavelength infrared (SWIR) detectors have numerous military and 

civilian applications including low photon flux detection, medical diagnostics, optical 

communications, low-light night vision, security, produce inspection, and remote 

sensing. These detectors are also widely used in multicolor detectors as one of the 

colors [1]. Detecting multiple bands (colors) has advantages for more versatile detection 

and integrating detectors of different bands reduces the overall system size, cost, and 

complexity and enhances the accuracy of object temperature mapping. As discussed in 

Chapter 1 (see Table 1-2), for SWIR technologies, InxGa1-xAs is very mature, but 

cannot be extended to other IR colors. Hg1-xCdxTe (MCT) is mature and works over all 

IR colors, however, MCT has limitations associated with irregular substrates and their 

availability, the complexity of materials growth and fabrication. Similar to MCT alloy, 

type-II InAs/GaSb SL detectors can cover the SWIR to VLWIR wavelength range. 

While extensive research on the mid- to very-long-wave type-II SL IR detectors have 

shown some promising results, there has been limited research on the SWIR band 

operating at high temperatures [2-4]. A SWIR ICIP benefits from many of the 

aforementioned properties of ICIPs, such as high device resistance, reduced shot noise, 

feasibility to perform well at high temperatures, and high-speed operation without 

compromising sensitivity. A SWIR ICIP can be a stand-alone detector or can be 

integrated with MWIR, LWIR, and/or VLWIR detectors to realize multi-color ICIPs. 
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Thus ICIPs are viable for a multi-color detector implementation in a wide range of the 

IR spectrum. For example, ICIPs with regular and reverse configurations 

(photogenerated carriers travel in opposite directions) that have been discussed in 

Chapter 2 (see section 2.4.2.2) can be integrated to realize a bias selectable two-color 

ICIP. ICIPs for the MWIR to VLWIR ranges have been demonstrated in our previous 

works [5-7], but there has been no work on SWIR ICIPs. In this chapter, the first 

demonstration of SWIR ICIPs working in 250-340 K temperature range along with the 

future research for ICIPs in this band is discussed in details. 

4.2 Device design, growth, and fabrication 

4.2.1 Design of short-wavelength type-II superlattice absorber  

Short cutoff wavelengths (˂3 μm) can be directly achieved using thin InAs 

layers in a two-constituent InAs/GaSb SL. However, thin InAs layers add some 

complexity to the growth process in terms of interface mixing/roughness and make the 

device bandgap very sensitive to the thickness variations in time and space (uniformity) 

during growth. Difficulties such as lower material and interface quality have been 

reported in the literature[2, 3]. Furthermore, although thinning each InAs layer in the SL 

moves the electron-energy state up, at the same time the electron miniband widens due 

to the increased extension of electron wave function into barrier layers. Thus, trying to 

increase the SL bandgap by only thinning the InAs layers can be problematic. To 

address these problems a four-layer M-shape SL can be used [8], where each SL period 

is composed of InAs/GaSb/AlSb/GaSb constituent layers. Cutoff wavelengths of ~2.2 

μm at 300 K have been reported in InAs/GaSb/AlSb/GaSb M-shape SL detectors [3]. In 
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this work, each period of the SL absorber is composed of InAs/GaSb/Al0.8In0.2Sb/GaSb 

layers, where compressive strained Al0.8In0.2Sb layers can provide flexibility to balance 

tensile strain of the InAs layers and to adjust the miniband width for carrier transport. 

Figure 4-1 contrasts the band structures for the simple two-layer and the four-layer M- 

shape SLs, in which the minibands and electron and hole wave functions for the ground 

states in the conduction and valence bands were calculated based on the two-band k·p 

[9, 10] for the two SLs. In this work, the k·p model was used mainly for illustrating the 

difference between the simple two-layer and the four-layer M-shape SLs. Because of 

the absence of common atoms in the interfaces of InAs/GaSb SLs, there could be some 

uncertainties between experimentally determined bandgaps and the calculated values 

regardless of using the k·p model or any other theoretical model. For this reason, one 

needs to work closely with experiments to track possible variations every time. 

Moreover, the uncertainty and variations are more of a concern for laser devices with a 

narrow emission spectral linewidth compared to photodetectors with broad response 

spectrum. To achieve a cutoff wavelength of ~2.8 μm in a two-component InAs/GaSb  

SL, the InAs thicknesses need to be 14 Å when the GaSb layer is chosen to be 30 Å 

thick (example is shown Figure 4-1(b)). A similar cutoff wavelength can be obtained by 

adding a thin Al0.8In0.2Sb layer to the SL structure in which the InAs layer can be as 

thick as 20 Å, while the GaSb layer thickness is kept at 30 Å. As shown in Figure 4-

1(a), the penetration of the wave functions into barrier layers decreases by inserting the 

Al0.8In0.2Sb layer in each SL period, resulting in narrower minibands in both conduction 

and valence band. 
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Figure 4-1: Electron and hole wave functions and the related minibands for (a) 
four-layer M-shape SL and (b) two-layer SL. In both designs, the thicknesses of the 
layers were tailored to achieve similar cutoff wavelengths (~2.8 μm) at 300 K. 
 

4.2.2 Device design and band structure 

The two- and three-stage ICIPs presented in this chapter were designed to target 

the SWIR band at room temperature. All the design parameters (electron and hole 

barriers, etc.) were the same for both ICIPs, only the number of stages were changed. 

To achieve a short cutoff wavelength (˂3 μm) at room temperature, we used a SL 

period composed of InAs/GaSb/Al0.8In0.2Sb/GaSb with thicknesses of 20, 15, 7 and 15 

Å, respectively.  

The thin Al0.8In0.2Sb layer inserted in the middle of GaSb layers serves two main 

purposes. The larger lattice constant for Al0.8In0.2Sb layer (cf. the GaSb substrate) 

provides an extra degree of freedom to compensate the tensile strain induced by InAs 

layers. Also, the insertion of this layer reduces the wave function penetration into 
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Figure 4-2: Schematic structure for (a) two- and (b) three-stage ICIPs. 

 

barrier layers, resulting in narrower minibands than for a simple two-component 

InAs/GaSb SL. This makes the density of states (DOS) of the InAs/GaSb/AlSb/GaSb 

M-shape SL have more characteristics of two-dimensional (2D) DOS, which allows a 

sharper increase of the device absorption coefficient near its bandgap as compared to a 

3D DOS.  

Based on the reduction of quantum efficiency observed at high temperatures in 

T2SL detectors with absorber thicknesses in the range of 0.8-2 μm [11, 12], the high 

temperature diffusion length in superlattice structures is estimated to be on the order of 

1 μm, which could vary with the material quality. Hence, we designed the thickness of 

individual absorbers in the ICIPs to be shorter than 1 μm. In the two-stage ICIP, the SL 

first (upper) and second absorbers were 570 and 644 nm thick, respectively, and in the 

three-stage ICIP, the additional third absorber was 741 nm thick, as indicated in Figure 

4-2(a & b). The absorbers in the optically deeper stages were made thicker to achieve 
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photocurrent matching across the stages. Electron barriers were made of three 

GaSb/AlSb quantum wells with 39, 53, 75 Å thick GaSb wells. Hole barriers were 

composed of seven InAs/Al(In)Sb quantum wells with 25, 31.5, 35, 39.5,46, 55, 69 Å 

thick InAs wells. Figure 4-3 shows the calculated band structure using the two-band k·p 

model. The ground states and their corresponding wave functions were calculated and 

plotted using a 2-band Kronig-Penny model. For clarity, only 10 SL periods of the 

absorber are shown; whereas the actual SL absorber consists of hundreds of periods. 

 
Figure 4-3: Band structure in one stage of the designed ICIPs: the ground states 
and their corresponding wave functions as calculated using a two-band k·p model. 
 

4.2.3 Device growth and fabrication 

The ICIP structures were grown by MBE on GaSb substrates at Sandia National 

Laboratories. Figure 4-4 shows the high-resolution X-ray diffraction (HRXRD) scans 

for the two detector structures. Both structures have compressive strain relative to the 

GaSb substrate. The lattice mismatch is 0.089% and 0.108% in the two- and three-stage 
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ICIPs, respectively. The FWHM for the 0th order peaks are 20 and 28 arc sec in the two- 

and three-stage ICIPs, respectively (see inset, Figure 4-4). These scans indicate that the 

two- and three-stage ICIP structures are comparable in terms of material quality.  

The device fabrication followed the process that is described in Chapter 2 (see 

section 2.7). The grown wafers were processed into a series of square mesa detectors 

with edge lengths varying from 50 to 1000 μm. The two-layer passivation used for these 

detectors was consisted of 190 nm of SiNx followed by 160 nm of SiO2 deposited by 

RF-sputtering.  

 
Figure 4-4: HRXRD scans for two- and three-stage ICIPs. Both ICIPs had 
compressive strain relative to the GaSb substrate. 
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4.3 Device performance and discussion 

4.3.1 Electrical characteristics 

4.3.1.1 Dark current 

The dark current density (Jd)-voltage (V) characteristics of ICIPs were measured 

at 250 to 340 K (250 K can be achieved using one-stage thermoelectric coolers). For a 

representative 500×500 μm2 detector from the two-stage (three-stage) wafer, dark 

current density at -50 mV was 4.7×10-4 A/cm2 (2.7×10-4 A/cm2) at 250 K. The dark 

current density increased to 1.0×10-2 A/cm2 (0.68×10-2 A/cm2) at 300 K, for the same 

bias. Figure 4-5 shows the dark current densities for three different size ICIPs made 

from both two- and three-stage wafers. As can be seen in this figure, dark current 

densities were larger in smaller size detectors for both two- and three-stage ICIPs 

throughout the temperature range. The size-dependent dark current densities were 

attributed to the imperfect passivation and related surface states. Another factor is the 

rough side walls associated with the wet etching process, caused by the different etch 

rates in different layers of the structure. Rough side wall surfaces make reliable and 

consistent passivation difficult. Such mesa-size dependence has also been reported for 

the mature InxGa1-xAs SWIR detectors and other III-V based SWIR photodetectors at 

room temperature [13, 14]. While there has been some progress in this area, the surface 

leakage issue has not been fully resolved in these materials and has remained as one of 

the major technological issues for III-V based, specifically type-II SL, IR detectors [15].  
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Figure 4-5: Dark current densities for 250-340 K for (a) two- and (b) three-stage 
SWIR ICIPs. The densities were larger for smaller size detectors indicating the 
side walls and the device passivation need to be improved. 

4.3.1.2 Size dependency of device dark current and activation energy 

To investigate the size-dependent behavior of the dark current density, the 

product of zero-bias resistance and device area (R0A) for the different sized ICIPs are 

plotted as a function of the perimeter (P) to area (A) ratio. The contribution of bulk and 

surface currents on the device R0A can be separated by fitting the device R0A to the 

equation [16]: 
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where ρsw is the device sidewall resistivity. Figure 4-6 (a) shows the size dependent R0A 

for two- and three-stage ICIPs at 300 K. The extracted (R0A)Bulk and sidewall 

resistivities (ρsw) were larger in three-stage ICIPs compared to the two-stage ICIPs in 

this temperature range. Table 4-1 summarizes these fitting parameters for the different 

operating temperatures. 
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An Arrhenius plot of device R0A over the temperature range for the different 

size ICIPs allows us to determine the activation energy of the dominant dark current 

mechanism that give rise to the observed temperature variation. This amounts to fitting  

the device R0A to: 
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where Ea,  T, kB and C are the activation energy, temperature (K), Boltzmann constant, 

and fitting prefactor, respectively. Figure 4-6(b) shows the Arrhenius plots of the 

different detector sizes. These Arrhenius plots show the expected linear behavior. Table 

4-2 summarizes these activation energies. The activation energies are slightly larger for 

the three-stage in comparison with those for the two-stage ICIPs, for all different sizes. 

Also, activation energies were lower in ICIPs with smaller sizes for the two- and three-

stage devices. In order to specifically investigate the effect of surface leakage on the 

device activation energy, (R0A)Bulk and sidewall resistivities (ρsw) obtained from size 

dependent analysis of R0A were fitted to Equation 4-2. Bulk activation energies were  

 
Figure 4-6: Size-dependent R0A for two- and three-stage SWIR ICIPs at 300 K. 
Sidewall resistivity and bulk R0A were larger in three-stage detectors compared to 
the two-stage detectors. (b) Arrhenius plot of bulk and surface (inset) activation 
energies for two- and three-stage ICIPs. 
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Table 4-1: Summary of the bulk and surface contributions to the device R0A for 
250-340 K in two- and three-stage ICIPs. 
 

Temperature 

(K) 

Two-stage Three-stage 

stage

stage

AR

AR





20

30

 
(R0A)bulk 

(Ω.cm2) 

ρsw 

(kΩ.cm) 

(R0A)bulk 

(Ω.cm2
) 

ρsw 

(kΩ.cm) 

250 150 11.3 237 32.6 1.59 

280 19.1 2.07 27.3 5.19 1.43 

300 5.45 0.80 7.84 1.75 1.44 

320 1.78 0.33 2.54 0.69 1.43 

340 0.72 0.14 0.95 0.31 1.32 

 

close to the device bandgap.  

The extracted activation energies for the side wall resistivity was 360 meV (380 

meV) in two-stage (three-stage) ICIPs. These numbers were larger than the half of the 

bandgap (~240 meV) and were about 75% and 80% of the bandgap energy in two- and 

three-stage ICIPs, respectively. Because surface states were more influential on small 

size ICIPs, the device activation energy had a larger reduction from the bulk activation 

energy and approached the side wall activation energy for small size ICIPs. This 

observed reduction in activation energy for smaller size ICIPs suggests a degree of 

sidewall leakage current through surface states. Activation energies close to the bulk 

limit can be achieved with improved sidewall passivation.  

Table 4-2: Activation energies for different detector sizes of the two- and three-
stage detectors for 250-340 K. Bulk and sidewall activation energies refer to the 
Arrhenius fit for (R0A)Bulk and ρsw extracted from Equation 4-2. 
 

 

Detector 

Eg(0 K) 

(meV) 

Activation energy (meV) 

200×200 

μm2 

400×400 

μm2 

500×500 

μm2 

1000×1000 

μm2 

Bulk Sidewall 

Two-stage 480 390 410 410 420 440 360 

Three-stage 480 430 420 430 450 450 380 
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4.3.2 Diffusion length in SWIR ICIPs 

At high temperatures, most of the material parameters (e.g., diffusion length and 

carrier lifetime) are unknown for the type-II SL material system. Often, diffusion length 

is inferred from the measurements of other parameters such as carrier mobility and 

lifetime. These techniques require precise setups and complicated optics [17-19]. An 

easier approach to extract the material parameters is to fit the dark current I-V curves to 

the detailed mathematical equations used for carrier transport in photodetectors [20]. In 

these models, a large number of fitting parameters could result in some uncertainties in 

the extracted parameters.  

In this section a simple, yet effective, technique to extract the diffusion length 

and its temperature dependency in ICIPs are discussed. Although this technique was 

applied to ICIPs at high temperatures, it can be used with any type of semiconductor 

devices and at any temperature, provided that the device dark current is dominated by 

diffusion. This technique requires, at least, two photodetectors with similar designs but 

different absorber thicknesses and/or number of stages. Having a larger set of similar 

detectors results in a more accurate determination of diffusion length.  

As described in Chapter 2, the device zero-bias resistance and area product 

(R0A) in a diffusion-limited ICIP, with electrons as the minority carriers follows the 

below equation [21]: 

                               ��� =
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where kB, T, tm, Le, gth and q are Boltzmann constant, absolute temperature, absorber 

thickness in the mth stage, electron diffusion length, thermal generation rate and 
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electronic charge, respectively. Note that this equation is also applicable to single-stage 

photodetectors. Once the diffusion-limited behavior of the device dark current is 

assured (this can be examined by the device activation energy or observance of a flat 

region in the device dark I-V), the above equation can be used to extract the device 

diffusion length. There are two unknowns, namely diffusion length and thermal 

generation rate in Equation 4-3. By using the R0A ratio between two photodetectors with 

different absorber thicknesses or number of stages, we can eliminate the thermal 

generation rate (gth) and only one unknown will remain. For example, the R0A ratio for 

the two SWIR ICIPs reported in this chapter is:     
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where, t1 and t2 are the absorber thickness in the first and second stage of the two ICIPs 

and t3 denotes the absorber thickness in the third stage of the three-stage ICIP. Because 

the R0A ratio in Equation 4-4 is known from the measurements, the minority carriers 

diffusion length (Le), as the only unknown, can be readily found at each temperature.  

Note that care must be taken to use this approach as there are four requirements 

related to this approach: 

(1) Surface leakage currents are neglected in Equations 4-3 & 4-4. These currents are 

often present in type-II SL detectors, thus, (R0A)bulk, which can be extracted from the 

plots of different sized detectors R0A, should be used for more accurate determination of 

the diffusion length. 

(2) The device series resistance and the parasitic resistances from the measurement 

setup should be excluded from the device measured resistance. In narrow bandgap 
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photodetectors, these parasitic resistances are in the same order of the device resistance 

for certain device sizes at high temperatures and may result in uncertainties in the 

diffusion length estimation. 

(3) Equation 4-4 is only valid for detectors with similar material and processing quality. 

(4) The carriers transport should be controlled by minority carriers. Depending on the 

device bandgap, temperature, and the absorber doping level, ambipolar effects (i.e., 

both electrons and holes) could start to control the transport dynamics. 

To ensure these assumptions, these two SWIR ICIPs were grown by the same 

MBE system and in two consecutive growth runs with similar growth conditions. Also, 

because the surface leakage currents were present in these SWIR ICIPs, the (R0A)bulk 

extracted from the size-dependent plot of different-sized ICIPs was used for the R0A 

ratios. However, some levels of uncertainty may exist in the extracted values for 

diffusion length. Figure 4-7 shows the theoretical R0A ratio for the two- and three-stage 

ICIPs versus diffusion length. The single points on this curve represent the calculated  

 
Figure 4-7: The theoretical curve and the measured R0A ratios (single points on the 
curve) for T=300-340 K. The device dark current was dominated by the diffusion 
process in this temperature range. 
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ratios of the measured R0A values for T=300-340 K. The minority carrier diffusion 

length was estimated to be 450 nm at 300 K.  The extracted diffusion lengths at 

different temperatures along with the R0A ratios are summarized in Table 4-3. Diffusion 

lengths were well below 1 μm at high temperatures. Typically, type-II SL detectors 

have absorber thickness of 1 to 3 μm. While thick absorbers are required for sufficient 

photon absorption, short diffusion lengths limit the device quantum efficiency and only 

photogenerated carriers generated within a diffusion length of the collection point(s) 

will contribute to the device quantum efficiency and the rest of carries are wasted. 

Therefore, multiple-stage devices with each individual absorber shorter than the 

minority carriers diffusion length will enhance the collection efficiency and the overall 

device performance at high temperatures. 

Table 4-3: Summary of the measured and extracted parameters for two- and 
three-stage SWIR ICIPs at room temperature and above. 
 

Temperature 

(K) 

(R0A)bulk 

(Ω.cm2) 
 
 

stageTwo

stageThree

AR

AR





0

0

 
Diffusion 

length 

(nm) Two-stage Three-stage 

300 5.446 8.006 1.470 450 

320 1.738 2.578 1.483 350 

340 0.612 0.918 1.500 ≤170 

 

4.3.3 Optical characteristics 

4.3.3.1 Responsivity 

Following the procedure that was described in Chapter 2, the optical response 

spectra of these ICIPs were collected using an IR glow-bar source within an FTIR 

spectrometer and calibrated using an 800 K blackbody source (aperture diameter: 1.52 

cm). Figure 4-8(a) shows the calibrated responsivity for the two- and three-stage ICIPs 
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for 250-340 K. The zero-bias response did not show an appreciable decrease for an 

increase in the device temperature at 2.1 μm for both two- and three-stage ICIPs.  

The zero-bias response at 2.1 μm and 300 K was 0.44 and 0.37 A/W for two- 

and three-stage ICIPs, respectively. While the two ICIPs were designed to be photo-

current matched, photo-response was ~16% lower in the three-stage ICIP at this 

wavelength. This suggests the possible imperfect photocurrent matching between 

individual stages and perhaps larger photocurrent mismatch in the three-stage ICIP. The 

current mismatch can be minimized by adjusting thicknesses of the absorbers so that the 

photoresponse can be improved in both ICIPs. 

The detectors photoresponse was also measured under different reverse bias (see 

Figure 4-8(b)). At λ=2.1 μm and 300 K, the device maximum photo-response increased 

by 18% and 24% under reverse bias in two- and three-stage ICIPs, respectively. This 

small dependence of photoresponse on bias voltage may be caused by the combination 

of imperfect metal contact to semiconductor surfaces (non-ideal Ohmic contacts) and 

some degree of misalignments of energy levels between quantum wells and absorber in 

adjacent stages. When the contacts and alignments of energy levels in every region are 

optimized, such a bias-voltage dependence of the photoresponse can be eliminated and 

the maximum photoresponse can be obtained under zero-bias condition.  

4.3.3.2 Detectivity 

The performance of the ICIPs can further be examined by comparing their 

specific detectivities (D*). By considering Johnson and shot noise as the only noise 

sources and neglecting the surface currents, the specific detectivity for ICIPs can be 

calculated using Equation 2-8. Based on the theory of ideal ICIPs, larger resistance and 
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Figure 4-8: Zero- bias responsivity for representative two- and three-stage ICIPs 
at 250-340 K. (b) Photo-response (at 2.1 μm) vs. reverse bias in two- and three-
stage ICIPs for 250-340 K. 
 

area product (RA) and lower (dark currents (Jd) are expected in a three-stage device 

compared to a similar two-stage device. Also, the shot noise term (2qJd/Ns) in Equation 

(2-8) is inversely proportional to the number of stages. 

Because of the size dependent dark current density, the device D* was also size 

dependent. For instance, at 250 K D*, was 4.1×1010 and 3.1×1010 cm.Hz1/2/W for 

representative 1,000×1,000 μm2 and 200×200 μm2 three-stage ICIPs, respectively. 

Figure 4-9 compares the specific detectivity under zero-bias for two- and three-stage 

ICIPs (200×200 μm2) at different temperatures. Calculated Johnson-limited D* (for 

λ=2.1 μm) was 3.1×1010 (2.5×1010) and 5.8×109 (5.1×109) cm.Hz1/2/W for the three-

stage (two-stage) ICIP at 250 and 300 K, respectively.  

If diffusion current controls the device dark current, the device resistance will 

exponentially increase with reverse bias within a certain range. This means even if the 

device signal does not increase with reverse bias, D* could increase under reverse bias 

condition. The maximum calculated D* at 300 K was 7.5×109 (5.6×109) cm.Hz1/2/W for  
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Figure 4-9: (a) Specific detectivity (FOV=2π sr) for two- and three-stage ICIPs 
under the zero-bias condition for 250-340 K. (b) Specific detectivity vs. reverse bias 
for the same ICIPs. Detectors were covered with a copper shield (at the device 
temperature) during dark current measurements. 
 

the three-stage (two-stage) ICIP and was obtained under -300 mV (-100 mV) reverse 

bias. However, other sources of noise, such as 1/f noise, usually increase rapidly under 

reverse bias and often negates the benefits of the larger device resistance obtained under 

a reverse bias condition [23]. This D* is close to 2.8×1010 cm.Hz1/2/W, the value 

claimed by Judson Technologies for a commercial 2.8 μm cutoff Hg1-xCdxTe detector at 

295 K [24]. The device specific detectivity was larger in the three–stage ICIP at all 

temperatures, demonstrating the benefits of the three-stage detector over the two-stage 

detector. Because D* is directly proportional to the device responsivity, D* in the three-

stage ICIP can be increased by improving the photocurrent matching. Considering that 

the total thickness (1.96 μm) of absorbers in the three-stage ICIP structure is less than 2 

μm, ICIPs with more stages should further increase absorption efficiency and suppress 

noise, resulting in improved device performance. More stages will present challenges 

including device design for better current matching, material quality for longer growth 

times, and device fabrication/passivation for more interfaces. However, such 
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advancement is possible with improved understanding and knowledge of the material 

properties, MBE growth technology, as well as device fabrication techniques. 

4.4 Summary and concluding remarks 

The first demonstration of high-temperature two- and three-stage SWIR ICIPs 

was discussed in this chapter. The photo-response of these ICIPs showed no decrease at 

high temperatures. This implies that ICIPs can circumvent the diffusion length 

limitation on carrier transport at high temperatures (at least up to 340 K). Values of 

Johnson-noise-limited detectivity D* exceeding 109 cm.Hz1/2/W were obtained at 

temperatures up to 340 K. The value of D* was larger in the three-stage ICIP for all 

measured temperatures compared to the two-stage ICIP, confirming the benefits of 

ICIPs with more stages. Size-dependent analysis of the R0A for devices indicates that 

the surface current was significant in small size ICIPs, which contributed to the 

dependence of the activation energies for these ICIPs. Better device performance is 

expected by improving the device fabrication/passivation and optimizing the device 

structure for better photocurrent matching in ICIPs with more stages. 
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5 Chapter 5: High-frequency mid-IR interband                           

cascade lasers and photodetectors  

5.1 Motivation and background 

ICLs can be combined with ICIPs or ICTPVs to build a functional interband 

cascade system with devices either on closely packaged units or on a single chip. The 

system will be compact and portable because IC devices can operate efficiently with 

high-performance characteristics and low power consumption [1] (e.g., low threshold 

current density for ICLs and high detectivity for ICIPs) at room temperature and above. 

These features are important in many applications such as chemical sensing, free space 

optical (FSO) communication, and power beaming. Additionally, some specific 

applications, such as heterodyne detection and high-bandwidth FSO communication, 

require devices capable of high-frequency operation.  

Generally, semiconductor lasers with appropriate packaging are able to operate 

at high frequencies (with bandwidths in the GHz range), as was demonstrated for ICLs 

at low temperatures with operation up to 3.2 GHz [2, 3]. However, it is difficult for 

conventional photodetectors to achieve high-frequency operation without sacrificing the 

device sensitivity. The 3-dB bandwidth for a conventional photodetector with a single 

absorber, in which the diffusion process controls the carrier transport, is 3 2

2.43

2
dB

D
f

t 

[4, 5], where D and t are the diffusion coefficient and the absorber thickness, 

respectively. Therefore, the device bandwidth will be increased by reducing the 

absorber thickness. However, this would also reduce the optical absorption and thus the 
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device sensitivity (signal to noise ratio). For this reason, the product of the device 

sensitivity and bandwidth remains constant in single-stage photodetectors. The 

compromise between the device speed and QE can be avoided in ICIPs with a multiple-

stage discrete absorber architecture. Since the photogenerated carriers recombine at the 

interface between the electron and hole barriers of adjacent cascade stages (See Figure 

5-1), they travel only a short distance, at most one cascade stage, before being collected 

at the interfaces of adjacent stages or the contacts. Consequently, when individual 

absorbers are short, ICIPs can respond quickly to direct optical modulation at high 

frequencies while significant absorption of incident light is ensured by multiple 

absorbers in serially connected stages. As such, the total absorber thickness is sufficient 

to maintain a high absorption efficiency and a high sensitivity [6, 7].  

While many properties of ICIPs including the high-temperature operation with 

large device resistance and detectivity, and short response time (on the order of ns) have 

been demonstrated in previous works [8-13], high-frequency operation of ICIPs has not 

been explored until this work. It is worth noting that intersubband based detectors have 

been previously studied for high-speed mid-IR detection. However, these intersubband 

 

Figure 5-1: Schematic diagram of the three-stage ICIP. From right to left, the 
absorber thicknesses are 312.0, 344.5 and 383.5 nm. The left block is a schematic 
layer diagram for one period of the SL absorber. 
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photodetectors require gratings for normal incidence detection, usually work only at low 

temperatures and have a low photo-response (and a low detectivity) that decreases 

further at high temperatures [14-16]. These issues in intersubband photodetectors are 

circumvented in an appropriately designed ICIP.  

5.2 Device design, growth, and fabrication 

To investigate the high-speed performance of ICIPs at room temperature, mid-

wavelength ICIPs (λc=4.3-4.6 μm) with a different number of stages and absorber 

thicknesses were designed and grown by MBE at OU. Table 5-1 Summarizes the 

performance of this set of MWIR ICIPs. At 300K, the highest D* that was achieved 

under zero-bias operation was 1.7×109 cm.Hz1/2/W (from wafer Y010D with three 

stages). Most of these wafers, except R146, R148, and R149, had a reverse 

configuration. Figure 5-2 shows the zero-bias responsivity and Johnson-noise-limited 

detectivity (D*) spectra of a three-stage reverse-configuration ICIP (Y004D) at 300 K. 

The absorber thicknesses were 312.0, 344.5 and 383.5 nm in the first, second and the 

third stages, respectively. The device responsivity was 0.25 A/W and its D* exceeded 

109 cmHz1/2/W at 3 μm. Each absorber was composed of a T2SL, in which each period 

consisted of InAs (27 Å)/GaSb (15 Å)/AlSb (2.7 Å)/InSb (2.6 Å)/AlSb (2.7 Å)/GaSb 

(15 Å) layers. 

The schematic diagram of this ICIP and the device simulated band structure 

using a k.p model are shown in Figures 5-1 & 5-2. After MBE growth, square-mesa 

ICIPs with side lengths from 20 to 400 μm were defined using conventional contact UV  
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Table 5-1: Summary of the device structure and room temperature performance 
of MWIR ICIPs designed to study the high-frequency operation of ICIPs. 
 

Wafer 

name 

# of 

stages 

�c 

(µm) 

Zero-bias 

response 

(A/W) 

Maximum 

response 

(A/W) 

Zero-bias D* 

(cm.Hz1/2/W) 

Maximum D* 

(cm.Hz1/2/W) 

R146 8 4.3 0.127 - 9.67×108 - 

R149 6 4.3 0.019 0.138 (at -1.79 V) 1.89×108 6.51×108 (at -1.79 V) 

R150 3 4.3 0.029 0.174 (at -1.0 V) 2.17×108 6.40×108 (at -1 V) 

R151 3 4.3 0.033 0.166 (at -1.5 V) 3.11×108 6.89×108 (at -1 V) 

Y004D 3 4.3 0.255 0.261 (at 0.05 V) 1.35×109 1.62×109 (at 0.15 V) 

Y005D 3 4.3 0.234 0.254 (at 0.1 V) 1.35×109 1.75×109 (0.15 V) 

Y008D 6 4.3 0.216 - 1.62×109 2.0×109 (0.15 V) 

Y009D 8 4.3 0.154 0.16 (at 0.3 V) 1.08×109 1.29×109 (0.4 V) 

Y010D 3 4.3 0.331 0.384 (at 0.5 V) 1.72×109 2.01×109 (0.15 V) 

Y007D 1 4.3 0.723 0.803 (at 0.3 V) 1.67×109 2.04×109 (0.15 V) 

Y011D 1 4.5 0.191 1.058 (at 1.0 V) 8.08×108 1.92×109 (0.8 V) 

Y011D 1 4.5 0.847 1.360 (at 0.1 V) 1.33×109 2.08×109 (0.1 V) 

Y012D 1 4.6 0.434 1.374 (at 0.4 V) 9.05×108 1.89×109 (at 0.3 V) 

Y012D 1 4.6 
0.712 

0.782 

1.610 (at 0.1V) 

1.465 (at 0.1 V) 

1.02×109 

9.16×108 

2.01×109 (at 0.1 V) 

1.55×109 (at 0.1 V) 

 

photolithography and chemical wet etching. Note that the mask used for 

photolithography was specifically designed for high-frequency ICIPs. Smaller mesa 

sizes (down to 20×20 μm2) and reduced bonding pad size (100×100 μm2) were part of 

the design considerations for this mask. For passivation, 174-nm of Si3N4 and 224-nm 

of SiO2 were deposited by RF sputtering to improve overall stress management and 

minimize pin holes compared to single-layer passivation. However, the significantly 

higher dielectric constant of Si3N4 (7.5) compared to SiO2 (3.9) increases the bonding 

pad capacitance. Ti/Au top and bottom contacts were also sputter deposited. The top  
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Figure 5-2: Band structure of one stage of Y004D ICIPs. For clarity, 5 periods of 
SL is shown in the absorber region. The simulated ICIP cutoff wavelength was 
~3.7 μm at 300 K. 
 

metallic contact of all ICIPs had finger patterns and the devices were wire bonded for 

characterization.  

5.3 Low-frequency characterizations 

5.3.1 Electrical and optical performance 

The regular spectral response for a representative 200×200 μm2 ICIP at 300 K 

was measured under zero bias using our optical setup and a calibrated 800 K blackbody 

source. As shown in Figure 5-3, the cutoff wavelength was 4.2 μm, corresponding to a 

bandgap of 0.295 eV and the device responsivity exceeded 0.2 A/W in a broad spectral 

range. The Johnson-noise-limited detectivity (D*) reached a value higher than 1.0×109 

cm∙Hz1/2/W soon after the photon energy exceeded the device bandgap. These values 

are more than an order of magnitude higher than what is reported for intersubband  
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Figure 5-3: Zero-bias responsivity and Johnson-noise-limited detectivity for a 
200×200 μm2 ICIP at 300 K. The IC laser emission spectrum at T=293 K, under 
200 mA injection, is also displayed. Inset, dark J-V curve for the same ICIP at 300 
K. 
 

photodetectors [16-18], suggesting the suitability of ICIPs for high-operating-

temperature (HOT) detection. In the study of high-frequency characteristics, ICIPs with 

different sizes were used. Values for the zero-bias resistance and area product (R0A) 

were extracted from current density (J) and voltage characteristics (e.g., see inset of 

Figure 5-3). For ICIPs made from the same wafer, the average value of R0A was 0.27 

Ω∙cm2 and a typical 20×20 μm2 ICIP had a resistance of ~35 kΩ at 300 K. 

5.3.2 Gain in ICIPs 

Since absorbers are thin in these ICIPs, we can reasonably assume that almost 

all of the photo-generated carriers are collected. As such, the absorption coefficient is 

estimated to be larger than 5,400 cm-1. This number is significantly larger than the  
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expected values for T2SL absorbers. To further investigate the large responsivities 

observed in these ICIPs, a one-stage ICIP with absorber thickness of 1,040 nm was 

grown (Y007D) to directly measure the absorption coefficient of the SL. The absorption 

coefficient spectrum obtained from the transmission measurement is shown in Figure 5-

4. The measured absorption coefficient was ~3,300 cm-1 at 3 μm, which is significantly 

smaller than the number extracted from the response measurements. The large 

responsivities observed in these ICIPs are attributed to a possible gain mechanism in 

their structure. The short absorbers employed in these ICIPs could result in a gain 

mechanism similar to the gain in photoconductors. If the carriers transit time becomes 

shorter than their lifetime, it is possible to have gain in the device structure. Further 

investigations are needed to understand the source of gain in these ICIPs.  

 
 
Figure 5-4: The absorption coefficient spectrum for the T2SL absorber measured 
at room temperature. The T2SL was made of InAs (27 Å)/GaSb (15 Å)/AlSb (2.7 
Å)/InSb (2.6 Å)/AlSb (2.7 Å)/GaSb (15 Å) in each period.  
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5.4 High-frequency setup and measurements 

The schematic diagram of the interband cascade system for high-frequency 

modulation is shown in Figure 5-5. A narrow ridge type-I ICL [19] (ridge width: 20 μm, 

cavity length: 2 mm) was used as the mid-IR light source for high-frequency 

modulation measurements. The laser temperature was maintained at T=293 K using a 

thermoelectric (TE) cooler. The emission wavelength was near 3.15 μm as shown in 

Figure 5-3, with a threshold current density of 405 A/cm2 at T=293 K. At a DC current 

of 200 mA, the output power was 1.7 mW per facet. A constant-amplitude RF signal 

with frequency up to 1.2 GHz was sweep generated (with a 2 ms dwell time) by an 

analog signal generator and was applied to the IC laser using a bias-tee. The laser output 

beam was then collimated and focused on an uncooled ICIP. A second bias-tee was 

used to separate the DC and RF signals from the ICIP. The ICIP’s RF output was then 

fed to a spectrum analyzer and the system frequency spectrum was collected at room 

temperature. At the laser’s emission wavelength, the ICIP’s responsivity was 0.24 A/W  

 
Figure 5-5: Schematic drawing of the high-frequency mid-IR interband cascade 
system. 
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with a specific detectivity of 1.2×109 cm·Hz1/2/W. Because of these large values for 

photo-response and D*, no RF amplifier was required before the spectrum analyzer. 

Using the same IC laser, the RF response of the interband cascade system was 

investigated for ICIPs of different size.  

The obtained frequency response of this system with uncooled ICIPs of different 

size (at zero-bias) is displayed in Figure 5-6. The frequency dependent attenuations of 

bias-tees and coaxial cables were excluded from the measurements. It is evident that the 

device frequency response was lower in larger mesa sizes at high frequencies. This 

means that the device frequency response was not limited by fundamental mechanisms 

such as carrier transport time and the device frequency response has room for 

improvement by refining the device packaging and fabrication. For the 20×20 μm2 ICIP, 

the measured 3-dB bandwidth of the system was ~850 MHz at room temperature. 

Because the IC laser frequency response was not independently measured, the obtained 

 
Figure 5-6: The measured frequency response for the MWIR interband cascade 
system using different-sized ICIPs. 
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spectra include the frequency response from both the IC laser and the ICIP. To extract 

their individual frequency responses, an equivalent circuit model was constructed as 

shown in Figure 5-7. All the circuit parameters for the IC laser were directly measured 

and are summarized in Table 5-2; thus its frequency response was independently 

simulated. The calculated frequency response (RICL) for the IC laser is shown in Figure 

5-8 (middle panel). The 3-dB bandwidth of this IC laser was 760 MHz at T=293 K and 

was mainly limited by the bonding pad capacitance (Cbp≈77.4 pF). From the RICL 

spectrum, the calibrated frequency response of the ICIP(s) can be extracted using

ICL

system
ICIP

R

R
R  , where Rsystem denotes the obtained system frequency response. The 

extracted frequency response for a 20×20 μm2 ICIP is presented in Figure 5-8 (bottom 

panel), which indicates a 3-dB bandwidth of ~1.3 GHz and corresponds to a sub-

nanosecond response time for this device. At room temperature, the ICIP’s resistance Rd 

was large enough (in the kΩ range and in parallel to an equivalent current source) that it 

would not affect the modulation bandwidth, which could be considered to be infinite in 

the response simulations. Similar to the IC laser except for the device capacitance (Cd), 

all other parameters for the ICIP in the high-frequency circuit were directly measured. 

The series resistance (Rs) was estimated from the measured I-V curves at a large 

forward bias (5 V). The bonding pad capacitance (Cbp) related to the two-layer 

passivation was 1.1 pF for the ICIP. The another high-frequency parasitic element was 

the parasitic inductance from the gold bonding wires. Depending on the value of  
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Figure 5-7: High-frequency circuit model constructed for the interband cascade 
mid-IR system. Rsg and Rsa are the output or input resistance of the analog signal 
generator and the spectrum analyzer, respectively. All the other circuit parameters 
are denoted in Tables 5-2 and 5-3. 
 

parasitic capacitances, at some frequencies this inductance can counterbalance the 

capacitive behavior of the circuit and cause a response boost at a certain frequency 

range (as can been seen in Figure 5-8). However, this parasitic inductance will cause a 

sharp decrease in the RF signal at higher frequencies. The ICIP’s capacitance (Cd), as 

the only unknown, was set as a fitting parameter. A curve based on the fitted 

capacitance is also shown in the top and bottom panels in Figure 5-8. The measured and 

extracted parameters are listed in Table 5-3 for two different ICIPs with 20×20 μm2 and 

30×30 μm2 mesa sizes. The observed size dependence of the bandwidth suggests that 

the 3-dB bandwidth was not limited by the fundamental carrier transit time. This 

implies that the bandwidth of this interband cascade system can be increased further by 

reducing the parasitic capacitances and inductances, along with implementing 

impedance matching circuits.  
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Figure 5-8: The measured and simulated frequency response of the interband 
cascade system with a 20×20 μm2 ICIP (top). The calculated frequency response of 
the type-I IC laser (middle) and the calibrated and simulated frequency response 
for the ICIP (bottom). 
 

It is worth noting that the frequency response of single-stage ICIPs with thick 

absorbers was also investigated experimentally. These single-stage ICIPs with thick 

absorbers had bandwidths more than an order of magnitude narrower than the three-

stage ICIP with thin individual absorbers, which validates the advantage of the multiple 

discrete absorber architecture. 
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5.5 Time domain characterizations 

While the frequency domain measurements are an effective tool to examine the 

performance of an optical link, the time domain measurements (e.g., eye diagrams) 

provide valuable information related to the signal integrity and the quality of the optical 

link. The time domain setup was very similar to our high-frequency domain setup 

(Figure 5-5). Instead of the analog signal generator, an arbitrary waveform generator 

(AWG) was used to generate pseudo-random bit sequences (PRBS). Each period of the 

PRBS had 16 random bits (zeros and ones). On the receiver end, a high-frequency 

oscilloscope was used to capture the received bits. Figure 5-9 shows the generated bits 

fed to the IC laser and the detected bits by an eight-stage ICIP at 32 Mb/s bit rate. Note 

that the bit inversion in the detector output was associated with the high-frequency  

 
 
Figure 5-9: The input PRBS fed to the IC laser (top) and the detected bits by an 
eight-stage ICIP (mesa size: 50×50 μm2). Output bits inversion is related to the 
high-frequency amplifier used before the oscilloscope. The bit rate was 32 Mb/s. 
Each horizontal division is 100 ns. 

Input bits 

Inverted output bits 
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amplifier that was used to amplify the detector output before oscilloscope. The eye 

diagrams generated for three different ICIPs with a different number of stages and 

absorber thicknesses are displayed in Figure 5-10 for two bit rates (8 and 48 Mb/s). The 

absorber thickness was 1,040 nm in the one-stage ICIP, whereas the thickest absorbers 

were 383.5 and 591.5 nm in three- and eight-stage ICIPs, respectively. Note that the 

AWG was only able to generate PRBS with bit rates up to 50 Mb/s. Based on the 

frequency domain measurements of the interband cascade system, clear and open eyes 

at significantly higher bit rates are expected in three- and eight-stage ICIPs. The 

generated eyes show the limited rise and fall times in the one-stage ICIP at 48 Mb/s, 

while the other two ICIPs (three- and eight-stage ICIPs) with short absorbers and more 

stages did not exhibit any signal degradation up to this bit rate. Although all three ICIPs 

had similar detectivities (~109 cm.Hz1/2/W) at room temperature, the one-stage ICIP had 

degraded high-frequency performance compared to the other two ICIPs, showing that 

short absorbers and multiple stages are beneficial in high-speed applications. This 

behavior is a clear indication of the unique ability of ICIPs to maintain a high 

sensitivity, similar to that of a one-stage detector with thick absorber, while the device 

frequency response is significantly enhanced. 
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Figure 5-10: Eye diagrams for ICIPs with a different number of stages and 
absorber thicknesses. Each horizontal division is 40 ns (top row) and 10 ns (bottom 
row). Bit rate was 8 Mb/s (top row) and 48 Mb/s (bottom row).  

5.6 Summary and concluding remarks 

In summary, the high-frequency operation (f3-dB≈850 MHz) of an interband 

cascade system that is composed of an IC laser and an uncooled three-stage ICIP has 

been demonstrated at room temperature. This initial study shows that ICIPs (at zero-

bias) can achieve gigahertz bandwidth with detectivities higher than 109 cm∙Hz1/2/W at 

room temperature, suggesting great potential and the feasibility of compact systems for 

relevant applications. Nevertheless, many aspects such as carrier dynamics and 

transport mechanisms remain unexplored in interband cascade structures. Further 

research on the device physics, growth and fabrication are desirable to provide more 

perspectives on the ultimate performance of interband cascade systems. 
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6 Chapter 6: Monolithically integrated mid-IR                                    

interband cascade lasers and detectors 

6.1 Background and motivation 

Over the last decades, photonic integrated circuits (PICs) that incorporate 

different optoelectronic devices including lasers, photodetectors, modulators and 

waveguides on a single chip have been extensively explored.  Monolithic integration of 

optoelectronic devices results in compact, power efficient, and robust optical systems 

for applications such as miniaturized sensors, spectrometers, and on-chip optical 

communication and processing. Research on PICs has mainly focused on near-infrared 

(NIR) optoelectronic components and their on-chip integration on GaAs and InP 

platforms [1], whereas PICs in mid-IR (>3 μm) bands have remained largely unexplored 

until recent years. Advances in quantum engineered mid-IR lasers namely, quantum 

cascade lasers (QCLs) [2] and interband cascade lasers (ICLs) [3] with room 

temperature operation [4, 5] have stimulated research initiatives in PICs for mid-IR 

bands. 

Of course, along with high-performance room-temperature mid-IR lasers, high-

performance high-operating-temperature mid-IR photodetectors are also required for 

PICs. Although III-V based mid-IR ICLs and QCLs are able to work very well at room 

temperature and above, mid-IR photodetectors made of III-V semiconductors are not as 

mature as their II-VI Hg1-xCdxTe based counterparts [6] and usually require cryogenic 

cooling for high performance. As discussed in Chapter 2, among III-V based mid-IR 
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photodetectors, type-II superlattice (T2SL) photodetectors are projected to outperform 

Hg1-xCdxTe photodetectors [7, 8]. 

Because interband transitions are much slower (order of ns) than intersubband 

relaxation involved in carrier transport (order of ps) within the same band, ICL 

structures operate well as an IR photodetector (i.e., an ICIP) at zero and reverse bias 

condition, as demonstrated using early ICLs [9]. Hence, without any structure 

optimization for detector operation, ICL wafers can be used to realize both ICLs and 

ICIPs on a single chip, enabling high-performance functional units for PICs. Compared 

to monolithically integrated QCLs and quantum cascade detectors, referred as QCLDs 

[10-14], in which the fast intersubband transitions are comparable to transit times of 

carrier transport in the conduction band, monolithically integrated IC lasers and 

detectors (ICLDs) have significant advantages in terms of low power consumption, high 

sensitivity, and design flexibility owing to their broad absorption spectrum and a large 

difference in the time scales of interband transitions and intraband transport. Monolithic 

integration of lasers and detectors is also recently reported in quantum dot micropillar 

structures in NIR band [15]. However, these structures have very low specific 

detectivity (with an upper limit of ~1×105 cm.Hz1/2/W) and operate at cryogenic 

temperatures. 

In this chapter, we report on the first demonstration of a monolithically 

integrated mid-IR interband cascade laser and photodetector operating at room 

temperature. The laser/detector pair was defined using focused ion beam milling. The 

laser section lased in cw mode with an emission wavelength of ~3.1 μm at 20 ◦C and 

top-illuminated photodetectors fabricated from the same wafer had Johnson-noise-
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limited detectivity of 1.05×109 cm.Hz1/2/W at this wavelength and temperature. Under 

the same condition, the detectivity for the edge illumination configuration for the 

monolithically integrated laser/photodetector pairs is projected to be as high as 

1.85×1010 cm.Hz1/2/W, as supported by experimentally observed high photocurrent and 

open-circuit voltage.  

6.2 Device structure and method of forming 

6.2.1  Base structure for ICLDs 

To realize an ICLD, a six-stage type-I ICL, grown on a GaSb substrate, with 

quaternary Ga0.45In0.55As0.22Sb0.78 quantum well (QW) active regions was used as the 

base structure. Figure 6-1 shows the band profile and the layering sequence in one stage 

of this ICL. Each stage is composed of an 8.8 nm Ga0.45In0.55As0.22Sb0.78 active region  

 
Figure 6-1: Band profile and the layering sequence (for one stage) of type-I ICLs 
used for fabrication of ICLDs [16]. 
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sandwiched between electron injector (8 InAs/AlSb QWs) and hole injector (3 

GaSb/AlSb QWs). ICLs made from this wafer lased in cw mode up to 306 K. Further 

details about the ICL structure and its performance have been reported in [16].  

6.2.2 Device fabrication 

6.2.2.1 Focused ion beam milling of III-V semiconductors  

Focused ion beam (FIB) milling and deposition have been widely used in 

different areas of semiconductor research and development. Real-time imaging during 

nanoscale manipulations is possible in dual platform systems, which integrate an SEM 

with a FIB instrument. This system integration provides a large degree of accuracy and 

control over the milling or deposition process. FIB has been used in the fabrication of 

different electronic and optoelectronic devices such as coupled cavity lasers (CCLs), 

infrared detectors, and manipulation of nanostructures [17-22]. Moreover, the tedious 

job of sample preparation for TEM is greatly simplified by FIB, and TEM samples can 

be prepared sometimes within an hour [23]. 

Various physical and chemical reactions take place during FIB process. The 

nature and dynamics of these reactions are sensitive to the material that is milled. 

Therefore, a successful recipe for a material system may not necessarily work for the 

others. Parameters such as gas flow rate, FIB current, energy, and angle need careful 

calibration and optimization for different materials and structures. FIB fundamentals 

and instrumentation are beyond the scope of this dissertation. Further discussion and 

details on different aspects of FIB and its instrumentation can be found in [24, 25]. 

A Zeiss Neon-40 SEM-FIB system with gallium ions as the liquid metal ion 

source (LMIS) was used to define each laser/detector unit. This system allows milling 
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currents of 5 pA-16 nA with acceleration energies of 5-30 keV. Figure 6-2 (a & b) 

compares the FIB milled side walls when high (16 nA) and low milling currents (100 

pA) are used. While higher FIB currents increase the milling rate, they also result in 

rough side walls and significant redeposition. FIB milling of III-V semiconductors has 

further difficulties compared to that of other material systems such as silicon [26]. 

These difficulties are associated with Ga+ ions, often used in FIB. Ga-rich droplets are 

prevalent when gallium is used as LMIS for milling of III-V compounds. Since these 

droplets and the redeposited materials are electrically conductive the electrical 

resistance of milled structures suffers. To circumvent this issue, gas injection system 

(GIS) can be used during FIB milling. Figure 6-2 (c & d) compares the side will quality 

with and without using GIS. By introducing a reactive gas such as XeF2 the milling rate 

increases and the formation of droplets and redeposited materials are reduced. When 

XeF2 is flashed during milling, the chemical reactions between gallium and fluorine 

result in the formation of GaF3, which is a solid material with high melting point. 

Consequently, the formation of Ga-rich droplets is reduced and the quality of FIB 

milled side walls are considerably enhanced. 
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Figure 6-2: SEM images of the fabricated slots in type-I ICLs under different FIB 
conditions: (a) 30 keV and 16 nA, GIS: OFF (b) 30 keV and 200 pA, GIS: OFF (c) 
30 keV and 200 pA, GIS: OFF. (d): 10 keV and 100 pA, GIS: ON. Lower FIB 
currents and GIS reduce the amount of droplets and redeposition on side walls. 

6.2.2.2 Fabrication of ICLD devices using focused ion beam milling 

The ICL used as the base structure had a nominal ridge width of 12 μm and a 

cavity length of 1.5 mm. The base ICL structure was fabricated into an ICLD pair, as 

shown in Figure 6-3 using FIB milling. Along the longitudinal cavity direction of this 

ICL, there was a ~50 μm-wide stripe without a gold layer as shown by a scanning 

electron microscope (SEM) image (see Figure 6-3). This stripe was originally designed 

to allow cleaving the structure into 1.0-mm or 0.5-mm-long lasers. 

The FIB current was ~250 pA and XeF2 gas was periodically (10 ms for each 30 

s) injected into the milling area during all the five milling steps. As stated in the 

previous section, the purpose of using XeF2 gas was to reduce the redeposition and 

(a) (b) 

(c) (d) 
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formation of gallium-rich droplets. It is worth to mention that long exposure times to 

XeF2 resulted in undesired chemical reactions between the insulator layers (SiNx+SiO2) 

and fluorine. Therefore, the gas injection was limited to short time intervals. Five 

sequential milling steps, marked as 1 to 5, in Figure 6-3(c), were carried out to 

electrically and optically isolate laser and detector sections from each other. The gap 

cavity between the laser and detector inner facets (see Figure 6-3(a)) was defined by 

milling a 10 μm ×10 μm hole to form the laser and detector sections. Typically, the 

sputter redeposition onto previously cleaned FIB-milled facets could significantly 

reduce the resistance of the device and consequently degrade the device performance. 

To alleviate this problem, after milling the 10 μm square hole both facets were further 

polished by milling narrow slotted areas on each facet (steps 2 and 3 in Figure 6-3(c)), 

resulting in a final gap cavity of ~12 μm between the laser and detector inner facets.  

Finally, two separate slots (40 μm×2 μm) were milled (steps 4 and 5) in the gold bridge 

to electrically isolate the laser and detector sections. The two separate slots in the gold 

bridge area were to reduce the redeposition on the freshly milled facets. 

 
Figure 6-3: (a) Schematic drawing of an ICLD. SEM images of (b) the base ICL 
before FIB milling and (c) the fabricated ICLD after FIB milling. 
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6.3 Device performance characteristics and discussion 

Before FIB milling, the base ICL (cavity length: 1.5 mm, ridge width: 12 μm) 

with as cleaved facets lased at ~3.1 μm in cw mode with a threshold current density of 

370 A/cm2 at 20 ◦C. After FIB milling, the laser section of ICLD unit (cavity length: 1 

mm) lased in cw mode with an increased threshold current density of 490 A/cm2 at 20 

◦C. This increase of threshold current density is mainly attributed to the larger mirror 

loss for a shortened cavity (from 1.5 to 1.0 mm) rather than the possibly degraded FIB-

milled mirror. As shown by the current-voltage-light (I-V-L) plots in Figure 6-4, we 

observed similar threshold current densities for the ICLD laser section compared with 

two other 1-mm long ICLs with cleaved facet mirrors fabricated from the same wafer. 

Thus, the quality of the FIB milled facets on GaSb-based structures was comparable to 

cleaved facets.  

The ICLD was in such a way that the laser emission spectrum and output power 

could be collected from the laser’s outer facet. At 20 ◦C, the output power from the 

outer facet of the laser section of the ICLD (corrected for the window’s transmission but 

not for beam divergence) was 2.6 mW at 95 mA, as shown in Figure 6-4. Considering 

the power loss (~40%) associated with the beam divergence, the ICLD’s actual output 

power is estimated to be 4.3 mW. 

To characterize the performance of the ICLD, the laser section was biased at 

injection currents from 0 to 100 mA, while the I-V characteristics of the detector section 

were collected at each injection current. The short-circuit current (Isc) of the detector 

section of the ICLD is shown in Figure 6-4 as a function of the injection current applied 

to the laser section. Isc exhibits similar characteristics as the output power obtained from  
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Figure 6-4: The I-V-L characteristics of the laser section of the ICLD (solid lines) 
compared with that of two ICLs (dash and short dash lines) with as-cleaved facets. 
Also shown is the Isc of the detector section of the ICLD as a function of the 
injection current that was applied to the laser section.  
 

the outer facet of the laser section (e.g., a rollover at high injection currents). When 95 

mA of current was injected to the laser section, the detector section showed strong 

photovoltaic characteristics with Isc of 106 μA and an open-circuit voltage (Voc) of 1.06 

V. Figure 6-5 shows the I-V curves of the detector section without illumination from the 

laser (no current through the laser) and with the illumination from the laser at 95 mA 

injection current and lasing wavelength of 3.12 m (inset Figure 6-5). The non-flat I-V 

characteristics under reverse bias was attributed to the device shunt and series 

resistances, which can be improved with advances in device design and fabrication. The 

two cladding regions in the device structure, which are required for the laser operation, 

but unnecessary for the detector, may contribute extra series resistance. The open-

circuit voltage (1.06 V) significantly exceeds the single bandgap determined value 

(Eg/e=0.38 V) indicating the cascade action is highly effective [27, 28]. Here the 
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bandgap Eg is determined from the device photoresponse spectrum (Figure 6-6). Such a 

high value of Voc (~1.1 V) with a voltage efficiency of ~48% (from qVoc/(6·Eg), taking 

into account the six cascade stages) is an unambiguous indication of strong 

photoresponse to the laser illumination, implying the high sensitivity of the detector 

section (discussed more below).  

Note that in contrast to conventional ICIPs with the top illumination 

configuration (i.e., light incident in the normal or growth direction), the detector section 

in ICLDs is edge illuminated. For edge-illumination, the detector’s optically active area 

(six discrete thin (8.8 nm) QW active absorption layers) is extremely small compared to 

that for the usual top illumination and it is difficult to accurately determine the absolute 

responsivity for edge illumination using our standard photoresponse calibration with a 

blackbody source. To circumvent this difficulty and for comparison purposes, square-

mesa ICIPs were fabricated from this wafer for the top illumination measurements. 

Figure 6-6 shows the calibrated responsivity and Johnson-noise-limited detectivity of a 

 
Figure 6-5: The I-V characteristics of the detector section of ICLD under dark and 
laser illumination. The shaded area shows the photovoltaic performance of this 
detector. Inset is the laser emission spectrum collected from its outer facet. 
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representative (1.0 mm × 1.0 mm) ICIP at 20 ◦C under top illumination from a 

calibrated 800 K blackbody source. As shown, the 100% cutoff wavelength of this ICIP 

was 3.4 μm at 20 ◦C. Two Fabry-Perot oscillations are observed in the top illuminated 

ICIPs. These oscillations result from interference between reflections from the back 

surface of the n-type GaSb substrate and the vertical cavity of the laser.  

Relative photoresponse spectrum for edge illumination was measured using a 

broadband IR source and was compared with that for top illumination (inset of Figure 6-

6). Because of the extremely small optical area in edge illumination, the relative 

response spectrum was somewhat noisy. Note that the edge illumination response did 

not exhibit Fabry-Perot oscillations because the IR light propagated along the 

longitudinal direction of the laser waveguide in contrast to the vertical direction for 

 
Figure 6-6: Responsivity and Johnson-noise-limited detectivity spectra for a 
representative top illuminated photodetector. The inset displays the relative 
response spectra for the top and edge illumination configurations. 
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normal illumination. In edge illumination configuration, the light propagation is mainly 

confined in the guiding layers with narrow bandgaps and less penetrates into other 

regions made of wider bandgap materials (e.g., cladding layers), hence the response was 

substantially reduced at the short wavelengths compared to that for normal illumination. 

However, both the top and edge illumination configurations had similar cutoff 

wavelengths (~3.4 um), which ensures appreciable photon absorption at the laser’s 

emission wavelength.  For the top illumination, the detector responsivity and specific 

detectivity (D*) were 15.6 mA/W and 1.05×109 cm.Hz1/2/W at the laser emission 

wavelength (3.1 μm), respectively. Because of the very thin absorbers, the device 

responsivity increased by raising the device temperature up to 340 K (our highest 

temperature measured), which is due to the bandgap narrowing effects. Since the carrier 

transport is in the vertical (growth) direction for both edge and top illumination, the 

device dark current (and electrical resistance) is identical for both configurations. 

Meanwhile, because of very long absorbers in the longitudinal direction (~500 μm for 

the detector section of ICLD, reported here), the device photoresponse was expected to 

be significantly larger for the edge illumination configuration.  

Due to a short distance for the vertical transport of photogenerated carriers and a 

long propagation path along the longitudinal direction for optical absorption of incident 

photons, a full collection of photogenerated carriers is expected with a high external 

quantum efficiency. Considering the series connection of the six stages in this structure 

and a reflection loss of 32% for the incident IR beam, the projected external quantum 

efficiency would be 68÷6 ≈ 11%, corresponding to a responsivity of 275 mA/W and D* 

of 1.85×1010 cm.Hz1/2/W at 20 ◦C and 3.1 μm. This value of D* is more than an order of 



 

158 

magnitude larger than that extracted for the top illumination configuration. Based on the 

projected responsivity for edge illumination, the incident power on the detector’s inner 

facet of ICLD can be estimated using PInc = Isc /Rλ, where PInc, Isc, and Rλ are the 

received power, short-circuit current and the device responsivity, respectively. As stated 

earlier, at 95 mA injection current, the short-circuit current of the detector section of the 

ICLD was 106 μA, which indicates that ~0.385 mW of the total output power/facet of 

the laser section was collected (~9% of the total output power/facet). Due to the high 

detectivity (sensitivity) that can be achieved in IC detectors (also demonstrated in this 

work), this level of received power is more than sufficient for the ICLD unit to work 

effectively. Compared with intersubband-based quantum cascade lasers and detectors, 

the ICLD reported here has orders of magnitude larger detectivity. The large sensitivity 

of ICIPs along with the inherently low power consumption of ICLs makes ICLDs a 

promising structure for practical on-chip integration of IR lasers and photodetectors. 

6.4 Summary and concluding remarks  

The first demonstration of high-performance monolithically integrated IC lasers 

and interband cascade IR photodetectors was discussed in this chapter. This ICLD was 

able to operate at room temperature with high open-circuit voltage and sensitivity. 

Compared to the conventional top-illuminated ICIPs, the edge illumination 

configuration used in ICLDs could result in more than an order of magnitude 

enhancement in device sensitivity. These initial results validate the potential of 

interband cascade-based compact IR devices for applications including on-chip 

miniaturized sensors, spectrometers, optical communication and processing. 
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7 Chapter 7: Interband cascade thermophotovoltaic devices 

7.1 Motivation and background 

As discussed in section 1.4.2, the optimum cell bandgap in a thermophotovoltaic 

(TPV) system with a broadband heat source (i.e., a TPV system without selective 

emitter and filter) with a temperature of 1,000-2,000 K falls between 0.2-0.4 eV. 

However, narrow bandgap TPV cells (Eg˂0.5 eV) are in their early stage of 

development and have inferior performance compared to the larger bandgap cells [1, 2]. 

Multiple-stage ICTPVs with engineered structures can be used to address issues such as 

low open-circuit voltage and series resistance losses in narrow bandgap TPV cells. In 

this chapter, the development and characterization of two sets of ICTPV devices with 

cutoff wavelengths of ~3 μm and >5 μm along with the possible routes to enhance the 

performance of ICTPVs are discussed.  
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7.2 Interband cascade thermophotovoltaic devices with bandgap of 0.41 eV 

7.2.1 Device structure, growth, and fabrication 

Two structures, one with two the other with three stages, were designed to study 

the influence of number of stages and absorber thickness on the performance of ICTPVs 

with 3 μm cutoff wavelength. Both structures had identical electron and hole barriers, 

and SL composition. The thickness of the individual absorbers was thicker in the 

optically deeper absorbers to achieve photocurrent matching between stages. As shown 

in Figure 7-1, the absorbers in the two-stage devices were 570 nm and 644 nm thick, 

respectively. The additional stage in the three-stage device had a 741-nm-thick 

absorber. The electron barriers consisted of three GaSb/AlSb QWs and the hole barriers 

were made of seven InAs/AlSb QWs in both structures. In these two structures, each 

period of the SL absorber consisted of four layers: InAs (20 Å), GaSb (15 Å),  

 
Figure 7-1: Schematic structure of (a) three- and (b) two-stage (b) ICTPV devices. 
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Al0.2In0.8Sb (7 Å) and GaSb (15 Å). Further details on the device structure, growth and 

fabrication for the ICTPVs presented in this section are discussed in Chapter 4, where 

these wafers were used to realize SWIR ICIPs. 

7.2.2 Device external quantum efficiency 

External quantum efficiency (EQE) was measured using the optical setup 

described in Chapter 2. The blackbody temperature was set to 800 K with the device to 

blackbody (aperture radius:0.76 cm) distance as 30 cm. Figure 7-2 shows the EQE for 

representative devices from the two- and three-stage ICTPVs for 300-340 K. While the 

cutoff wavelength was slightly shorter in three-stage devices, the device 90% cutoff 

wavelength was 3 μm at 300 K and extended to 3.1 μm at 340 K. At the wavelength of 

2.1 μm, where the maximum EQE was obtained, the EQE was 25.8% and 21.7% in 

two- and three-stage ICTPVs, respectively. Lower EQE in the three-stage devices is 

attributed to photocurrent mismatch among different stages. Because no antireflection 

coating was applied to these devices, the maximum possible particle conversion 

efficiency (PCE) is: 

                                     ���(���) = �1 − �
����� − ����
����� + ����

�
�

� = 69%                          (7 − 1) 

where nInAs and nair are the refractive index of InAs (3.5) and air (1) in infrared, 

respectively. If the two- and three-stage devices were photocurrent matched, the 

maximum achievable EQE for two- and three-stage devices would be 34.5% and 23%, 

respectively. However, due to relatively thin individual absorbers, the EQE at 

wavelengths longer than 2.5 μm was significantly lower than the maximum values of 

theoretical projection. For instance, at 2.81 μm, the EQE was 11.7% and 10.8 % in two- 

and three-stage devices, respectively. Therefore, extra stages are required to fully 
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absorb incident photons at these long wavelengths. As shown in Figure 7-2, the EQE 

did not decrease with raising the device temperature up to 340 K in both two- and three-

stage devices. This implies that the device diffusion length could be comparable to or 

longer than the thickest absorber (741 nm) in three-stage devices up to this temperature. 

Thus, increasing the total absorber thickness by incorporating more stages in the device 

structure with improved current matching is a feasible approach to enhance the device 

PCE at the wavelengths close to the bandgap. 

 

 

Figure 7-2: EQE for two- and three-stage ICTPV devices at 300-340 K. EQE was 
lower in three-stage TPV cells compared to that of two-stage devices.  
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7.2.3 Photovoltaic characteristics 

7.2.3.1 Measurement setup 

The experimental setup arranged for laser illumination of ICTPVs is depicted in 

Figure 7-3. In order to exclude the influence of parasitic resistances of test cables and 

wirings inside the cryostat, a four-wire setup was used to collect the device I-V under 

different levels of laser illumination. Figure 7-4 compares two- and four-wire setups. To 

implement four-wire tests, two extra bonding wires (one at the top and one at the 

bottom contact) were bonded to each device. In contrast to a two-wire setup, where the 

current and voltage are measured through the same terminals, separate circuits are used 

to measure them in a four-wire setup. The negligible current (in pA range) that flows in 

the voltage measurement circuit ensures that the measured voltage closely follows the 

device voltage. 

 
Figure 7-3: Schematic drawing of the measurement setup used in laser 
illumination of ICTPV devices. 
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Figure 7-4: Schematics of (a) two- and (b) four-wire setups. In contrast to a two- 
wire setup, where the current and voltage have the same path, separate circuits are 
utilized for current and voltage measurements in a four-wire setup. 
 

As discussed in Chapter 1, thermalization and below-bandgap losses are 

significantly lower in TPV systems with selective emitters with radiation spectrum that 

is matched to the TPV cell bandgap. To minimize the influence of these two loss 

mechanisms on the device efficiency, a type-I IC laser [3] (Figure 6-1) was employed to 

mimic the characteristics of a selective emitter with narrow emission spectrum closely 

matched to the TPV cell bandgap. The type-I IC laser (V146-BA-1-E) was a broad area 

laser (ridge width: 150 μm, cavity length: 1.6 mm) that was cooled down to LN2 

temperature (~78 K). Figure 7-5 shows the laser output power as a function of the 

injection current. The measured output power was not corrected for the diffraction and 

transmission losses associated with the laser geometry and the cryostats’ window. At 78 

K, the maximum output power (per facet) was 350 mW. The emission spectrum of this 

laser was centered at 2.81 μm which was closely matched to the TPV cell cutoff 

wavelength at 300-340 K. Consequently, the below bandgap and thermalization losses 

were minimal in this configuration.  
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Figure 7-5: The measured output power (per facet) for the broad area laser used in 
laser illumination measurements. This laser was cooled down to LN2 temperature 
to achieve higher output power and match the emission wavelength with the 
bandgap of TPV cells. The inset shows the emission spectrum of this laser at 80 K. 

7.2.3.2 J-V characteristics of ICTPVs under laser illumination 

The performance of ICTPV devices was investigated under different 

illumination levels from the IC laser. Figure 7-6 shows the J-V characteristics of 

representative devices from both ICTPV wafers under different illumination levels. At 

300 K, the maximum short-circuit current density (Jsc) and open-circuit voltage (Voc) for 

two-stage (three-stage) devices were 50 A/cm2 (43.5 A/cm2) and 529 mV (799 mV), 

respectively and the voltage efficiency (
�.���

����
) was 64% in both ICTPV devices. A 

summary of photovoltaic performance of these wafers is provided in Tables 7-1 and 7-

2. The device Jsc was increased by raising the device temperature (up to 340 K) in both 

wafers, which validates the efficient collection of photo-generated carriers at high 

temperatures. Larger Jsc at higher device temperatures is related to bandgap narrowing 

in III-V semiconductors by increasing the device temperature. Note that the device  
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Figure 7-6: J-V curves for representative devices from two- and three-stage 
ICTPV wafers under different laser illumination levels. The legend above each 
curve shows the injection current applied to the IC laser. Higher injection currents 
correspond to higher levels of laser illumination that was incident on TPV cells. 
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Table 7-1: Summary of the photovoltaic performance and the related parameters 
of a 200×200 μm2 two-stage ICTPV device. 
 

Temperature 

(K) 

Jsc 

(A/cm2) 

Iph 

(mA) 

Voc 

(mV) 

Rs 

(Ω) 

Rsh 

(kΩ) 

FF 

(%) 

Maximum efficiency 

(%) 

300 50.0 21.0 529 9.27 5.04 47.5 6.5 

320 52.1 22.4 489 8.87 1.91 44.4 5.8 

340 53.6 23.5 445 8.67 0.85 40.7 4.8 

 
Table 7-2: Summary of the photovoltaic performance and the related parameters 
of a 200×200 μm2 three-stage ICTPV device. 
 

Temperature 

(K) 

Jsc 

(A/cm2) 

Iph 

(mA) 

Voc 

(mV) 

Rs 

(Ω) 

Rsh 

(kΩ) 

FF 

(%) 

Maximum efficiency 

(%) 

300 43.5 17.9 799 12.14 9.04 51.4 9.6 

320 46.6 19.4 736 11.20 3.26 48.2 8.5 

340 48.4 20.8 666 11.09 1.38 44.9 7.3 

 

open-circuit voltage was reduced to 445 mV (666 mV) in two-stage (three-stage) 

ICTPV devices at 340 K owing to increased dark currents at higher temperatures. 

7.2.3.3 Fill factor and efficiency 

7.2.3.3.1  Fill factor 

It is instructive to compare the influence of number of stages and the device Jsc 

on the fill factor (FF) and efficiency of two- and three-stage ICTPV cells. Fill factor for 

selected devices from both wafers were calculated under different laser illumination 

levels for 300-340 K. Overall, fill factors were higher in three-stage devices at various 

temperatures compared to that of two-stage devices. The device FF vs. Jsc for two- and 

three-stage devices are plotted in Figure 7-7. At T=300K, the peak fill factor was 51.8% 

and 53.3% in two- and three-stage devices, respectively. The higher fill factors in three-

stage devices could be related to the photocurrent mismatch that has been observed 
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between different stages. Higher fill factors in photocurrent mismatched multi-junction 

solar cells has been reported in [4, 5]. The higher FF in a photocurrent mismatched 

multi-junction photovoltaic cell can partially mitigate the power loss associated with the 

photocurrent mismatch. Because of the ambiguity in determination of the main factor 

behind larger FF in three-stage devices, the percentage change in the FF (∆FF =

������(��)

���(��)
) vs. Jsc was evaluated for both wafers. ΔFF exhibited a roll off at high short-

circuit currents in both wafers, however the device fill factor decreased more rapidly by 

increasing the illumination level in two-stage devices for 300-340 K (inset in Figure 7-

7). Sharper decrease of the device fill factor at high illumination levels could be related 

to the larger Jsc and consequently higher Ohmic losses in two-stage devices. 

 

Figure 7-7: Device fill factor vs. Jsc for representative 200×200 μm2 devices from 
two- and three-stage wafers at T=300-340 K. Insets show ΔFF for the same devices 
at different short-circuit currents. Two- stage device exhibited sharper decrease 
(compared to the three-stage device) in fill factor at high illumination levels.  

7.2.3.3.2 Efficiency 

The most useful metric to compare the ultimate performance of different ICTPV 

structures is the device conversion efficiency. Conversion efficiency is defined as the 

ratio of the maximum photovoltaic power (MPP) (Voc.Isc.FF) to the total input power 

received by the TPV cell. The main difficulty in assessment of the device conversion 
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efficiency in our setup was the accurate determination of the radiant power received by 

the TPV cell. These difficulties are associated with the non-uniform and divergent beam 

of an edge-emitting laser. A simple approach to estimate the received optical power is 

to incorporate the relation between the device EQE (at the laser emission wavelength) 

and measured photocurrent to estimate the incident power on the device surface. The 

received optical power by a TPV cell can be estimated by: 

                                                           ���� =
1.24 ���

������ ���
                                                   (7 − 2) 

where Pinc, Iph, λlaser are the received incident power, device photocurrent and the laser 

emission wavelength (in μm), respectively. Therefore, the device efficiency can be 

formulated as: 

                                     �  =
���

����
=
������ ���.���.���.��

1.24 ���
                                        (7 − 3) 

The plots of the device Voc, maximum output power density, and efficiency vs. 

Jsc are presented in Figure 7-8 for both two- and three-stage devices at 300 K. The 

maximum conversion efficiency was 6.5% (9.6%) in two-stage (three-stage) ICTPV 

cells. These values are the highest conversion efficiencies so far obtained for ICTPVs at 

room temperature. Note that the conversion efficiency was ~48% higher in the three-

stage devices compared to that of two-stage ICTPVs, which confirms the benefits of 

having more stages and a multiple-stage architecture in narrow bandgap TPV cells. 

Similar to the device FF, the device efficiency exhibited a slight roll over at higher 

illumination levels in both two- and three-stage devices. However, the efficiency 

decrease was lower in three-stage ICTPVs (1.1%) compared to that of two-stage 

devices (4.6%). Because the thermalization and below-bandgap losses are minimal 
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when a closely matched laser (to TPV cell cutoff wavelength) is used for illumination, 

larger conversion efficiencies are expected by reducing the parasitic losses associated 

with the device shunt and series resistances in these TPV cells. 

 
Figure 7-8: Open-circuit voltage (top panels), maximum output power density 
(middle panels), and conversion efficiency (bottom panels) as a function of short-
circuit current density for representative 200×200 μm2 devices from the two- and 
three-stage ICTPV wafers at 300 K. 
 

7.2.3.4 Shunt and series resistance 

7.2.3.4.1  Series resistance 

Parasitic resistances, especially series resistance, are a detrimental factor on the 

performance of concentrated photovoltaic cells and TPVs. This is mainly associated 
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with Ohmic losses that are proportional to the square of the device current. As such, 

high currents (which are typical in TPV cells) exacerbate the Ohmic losses and reduce 

the device efficiency. Various numerical and empirical techniques have been developed 

to extract the device shunt and series resistance in solar cells [6]. Among all, the method 

of Suns-Voc [7, 8] is the most versatile, convenient and yet reliable approach. This 

method is applicable to any type of photovoltaic cells regardless of their series 

resistance value. The Suns-Voc technique is a refined version of an earlier approach that 

was first proposed by Swanson in 1960 and was later published by Wolf and 

Rauschenbach in 1963 [9].  

Under open-circuit condition, the device I-V is written as: 

                                          ��� = �� ���� �
����

����
� � − 1� +

���

���
                                (7 − 4)  

where I0, q, Voc, n, kB, T and Rsh are saturation current, electronic charge, open-circuit 

voltage, ideality factor, Boltzmann constant, device absolute temperature and shunt 

resistance, respectively. As can be seen in the above equation, the device Voc is not 

affected by the series resistance. A plot of Iph-Voc that has been constructed using 

different light illumination levels represents the device I-V if the series resistance was 

removed. Moreover, a comparative analysis of the device measured I-V versus the 

constructed Iph-Voc curve reveals the device series resistance. Albeit, this method is only 

applicable to cells with sufficiently large shunt resistance or at high illumination levels 

where the shunt resistance influence is minimal. Since the influence of the device series 

resistance on its Jsc becomes substantial at high illumination levels, the device Jsc is not 

an accurate measure of the device photocurrent under this condition and significantly 

underestimates the device photocurrent. For this reason, care must be taken in use of 
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Wolf and Rauschenbach method in cells with large series resistance or at high 

illumination conditions. This issue has been resolved in Suns-Voc technique, where a 

calibrated solar cell with low series resistance is utilized to calibrate the incident power 

falling on the device under test. Figure 7-9 shows a commercial Suns-Voc apparatus 

made by Sinton instruments. In this apparatus, a halogen lamp is used as the light 

source and the light intensity from this lamp exponentially decays with a time constant 

which is long enough to ensure a semi-equilibrium condition in the solar cell under test. 

At each power level (measured by the calibrated cell) the device Voc is recorded and a 

plot of Voc versus illumination power is generated. It is assumed that the device 

photocurrent is linearly proportional to the incident power and superposition theorem is 

applicable. This curve can be further processed to generate a so-called implied I-V 

curve. 

 

 

Figure 7-9: A commercial Suns-Voc apparatus manufactured by Sinton 
instruments. Image from: http://sintoninstruments.com  



 

176 

According to the superposition theorem, as long as a linear relation between the 

device photocurrent and the incident power is ensured, an implied I-V curve can be 

formed using the following equation [8]: 

                                                               �� = ���(1 − ��)                                                     (7 − 5) 

Here, It denotes the implied terminal current at each Voc and Pn is the incident power 

normalized to one sun. The concept of Suns-Voc and the overlaid implied and measured 

I-V curves are shown in Figure 7-10. The main drawback of this method is the difficulty 

in determination of the device Isc. Typically, Isc is assumed or calculated from the 

theoretical modeling of the cell. Because of the voltage drop on the device series 

resistance (Rs), the diffusion current term, �� ���� �
�(V − ��I)

����
� � − 1�, in diode 

equation equals to zero at a negative terminal voltage rather than zero voltage. This is 

the reason behind the discrepancy between the device Isc and Iph, however the device I-V 

eventually exhibits a flat region, where the terminal current is equal to the device Iph. As  

 
Figure 7-10: Schematic drawing of the overlaid plot of the device measured I-V to 
the implied I-V curve. The difference between the two curves is caused by the 
device series resistance.  
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can be inferred from Equation 7-4, the terminal voltage equals to the voltage drop on 

the series resistance (Vm=Rs.I) and the device voltage (VD) approaches zero at a certain 

reverse bias. At this point, the exponential term in the diode equation vanishes and the 

diffusion current approaches the saturation value (I0) with further reverse bias. Because 

Iph is orders of magnitude larger than I0 in a practical cell, the device I-V curve exhibits 

a negligible change with further reverse bias of the device and the terminal current 

represents the device Iph. 

From Figure 7-6, it is evident that the device series resistance has affected its I-V 

at high illumination levels in both two- and three-stage ICTPV cells. Therefore, Jsc is 

not an appropriate measure of the device photocurrent. The device Iph was extracted 

from its I-V at reverse bias, where the I-V curve exhibited a saturated current. 

Additionally, Equation 7-5 was modified to incorporate the extracted photocurrents in 

the implied I-V curve: 

                                           �� = ���,��� �1 −
���

���,���
�                                                     (7 − 6) 

here Iph,max is the maximum photocurrent achieved under different laser illumination 

levels and Iph denotes the corresponding photocurrent at each illumination level. The 

implied terminal current from this equation along with the measured Voc at different 

illuminations was used to construct the implied I-V curve. As such the influence of the 

device series resistance on its I-V characteristics is not present in the implied I-V curve.  

Figure 7-11 shows the implied and measured I-V curves for representative 

devices from the two- and three-stage wafers at 300 K. The device series resistance 

decreased by raising the device temperature in both two- and three-stage ICTPV cells. 

For example, Rs was 9.27 Ω (12.14 Ω) in two-stage (three-stage device) at 300 K and 



 

178 

decreased to 8.67 Ω (11.09 Ω) at 340 K. The extracted series resistances are also 

provided in Tables 7-1 and 7-2 for 300-340 K. Note that Rs was larger for devices from 

the three-stage wafer compared to two-stage devices at all temperatures. This 

observation was attributed to larger bulk series resistance (originated from the extra 

absorber in the three-stage device) and possible resistivity (due to energy level  

 
Figure 7-11: The implied and measured I-V curves for two- and three-stage 
ICTPV devices for 300-340 K. The device I-V curves were measured using both 
two- and four-wire setups. 
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misalignments in the device band structure) in carrier transport across stages as was also 

speculated from the bias dependent response in both wafers (see Figure 4-8). 

7.2.3.4.2 Shunt resistance 

Similar to the device series resistance, various fitting and experimental methods 

have been reported [6] to extract the device shunt resistance. However, the uncertainty 

involved in the fitting of various parameters of the device I-V may produce misleading 

fitting results and requires careful consideration. Here, we follow a simple approach 

presented in [6] for the extraction of the device shunt resistance. 

      As stated in the previous section, the device I-V can be modeled by equation 7-4 

under open-circuit condition. The exponential term in this equation becomes negligible 

at very low light illumination levels and the device I-V is simplified to: 

                                                                     ��� =
���
���

                                                          (7 − 7) 

From this equation, a linear relation exists between the device photocurrent and the 

open-circuit voltage at low light intensities. Therefore, the slope of the linear fit 

represents the device shunt resistance. Moreover, because of low illumination levels the 

device series resistance has negligible influence on the device I-V and it is safe to 

assume Iph=Isc. Figure 7-12 shows the plots of Voc vs. Isc for representative devices from 

the two- and three-stage ICTPV cells under low illumination levels at 300 K. As can be 

seen from these curves, a linear relation exists between the device Isc and Voc, where the 

slope of the linear curve is the device shunt resistance. Shunt resistance for 

representative devices from the two wafers is also presented in Tables 7-1 and 7-2. For 

a 200×200 μm2 device, the Rsh was 5.0 kΩ and 9.0 kΩ in two- and three-stage devices at 
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300 K, respectively. The device shunt resistance decreased by increasing the device 

temperature in both wafers, however, Rsh was larger in three-stage devices compared to 

two-stage TPV cells at all the measurement temperature and for all different mesa sizes. 

A detailed study of the influence of the device size and temperature on its bulk 

resistance and sidewall resistivity was provided in Chapter 4. 

 
Figure 7-12: Plots of Isc-Voc for representative two- and three-stage ICTPV devices 
at 300K. The slope of the linear fit lines represents the device shunt resistance. Rsh 
was larger in three-stage devices compared to two-stage devices at all the 
measurement temperatures. 
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7.3 Narrow-bandgap interband cascade thermophotovoltaic devices with 

bandgap of 0.25 eV 

7.3.1 Motivation and background 

As discussed in Chapter 1, most of the research on TPV cells and systems has 

been devoted to GaInAsSb/GaSb and InGaAsP/InP material systems [10-17] with cell 

bandgaps of >0.5 eV. Because of the device bandgap, the radiant photons with energies 

less than 0.5 eV contribute to the below bandgap losses and their energy cannot be 

harvested. When the heat source temperature, with a blackbody-type radiation pattern, 

falls in 1000-2000 K range, based on the theory of detailed balance limit [18, 19] the 

optimum device bandgap for energy conversion lies between 0.2-0.4 eV (see section 

1.4.2). This temperature range is important from a practical point of view because 

heaters and selective emitters will have simpler design and fabrication process, 

extended lifetime and lower gas emission compared to TPV systems operating with 

higher heat source temperatures. In fact, it is beneficial to hold the emitter at as low a 

temperature as possible to avoid overheating of the TPV cell when it is placed in close 

proximity to the emitter. This is of particular importance for micron-gap configurations 

[20, 21], where the enhanced radiative transfer between hot and cold surfaces is 

achieved by a micron-gap (about the radiation wavelength) distance.  

To convert the long-wavelength IR radiation narrow-bandgap InAsSbP alloys 

have been explored for TPV cells with limited success [10]. The longest cutoff 

wavelengths reported in the literature are in the range 4.0-4.5 μm (Eg~0.3 eV) with an 

open-circuit voltage of 28 mV at room temperature [2]. Most recently, an open-circuit 
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voltage of 60 mV was achieved in InAs-based TPV cells with a cutoff wavelength of 

~3.9 μm at room temperature [22].  

The main challenges associated with narrow bandgap TPV cells are related to 

the high carrier concentration and defect density in these semiconductors. These issues 

result in a significantly reduced diffusion lengths and poor collection of photo-

generated carriers, as well as large dark and leakage currents. These factors lead to a 

very low open-circuit voltage for narrow-bandgap TPV devices. However, the limited 

collection of photo-generated carriers due to short diffusion lengths can be mitigated by 

utilizing interband cascade (IC) structures [23]. The next sections of this chapter discuss 

narrow-bandgap ICTPV cells (with >5 μm cutoff wavelength) that operate at room 

temperature and above with a high open-circuit voltage (~0.65 V at 300 K).  

7.3.2 Device structure, growth, and fabrication 

The ICTPV structure presented in this section had seven identical cascade 

stages. Each stage was composed of a 33-period InAs/GaSb (19/27 Å) type-II 

superlattice (SL) sandwiched between an AlSb/GaSb quantum well (QW) electron 

barrier and an InAs/Al(In)Sb QW hole barrier, as shown in Figure 7-13. These ICTPV 

devices were grown by MBE on a (001) GaSb substrate at Sandia National 

Laboratories. The detailed layer structure and low operating temperature (e.g., 80 K) 

performance characteristics of circular mesa devices made from this wafer were 

reported in [24] . Here, we focus on the high operating temperature (300 and 340 K) 

performance of square mesa devices with mesa side dimensions ranging from 0.2 to 1.0 

mm. 
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Figure 7-13: Schematic structure of the seven-stage narrow-bandgap ICTPV cells. 
Absorbers were identical in all stages and had similar absorber thickness of ~158 
nm.  

7.3.3 Device performance 

7.3.3.1 Quantum efficiency 

The zero-bias particle conversion efficiency (PCE) for a representative ICTPV 

device from this wafer at 300 and 340 K is shown in Figure. 7-14. Here, PCE is defined 

as the total number of electrons generated and collected in any stage per incident 

photon. The cutoff wavelength for this device was ~5 μm at 300 K and ~5.2 μm at 340 

K, corresponding to bandgaps of 0.25 eV and 0.24 eV, respectively. The inset of Figure. 

7-14 shows the electroluminescence (EL) spectra at these temperatures. The device 

bandgap obtained from EL spectra was in good agreement with the cutoff wavelength 

determined from PCE measurements. The observe dips in the EL and PCE spectra near 

4.25 μm are caused by CO2 absorption. The value of PCE is relatively low due to the 

~31% reflection loss from the air/semiconductor interface (estimated based on their 

refractive indexes) and the rather short overall absorber thickness (~1.1 μm total from 
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Figure 7-14: Particle conversion efficiency (PCE) of an ICTPV device at 300 and 
340 K. The inset is the electroluminescence (EL) spectrum of an ICTPV device at 
300 and 340 K. 
 

the seven stages), which only absorbs part of incident light. These thin absorbers 

allowed a significant amount of incident light to be transmitted to and absorbed in the 

~150 μm-thick substrate. A portion of that light is reflected back from the interface 

between the substrate and metal sub-mount as evidenced by the somewhat strong, high-

frequency interference oscillations observed in PCE curves. The peak value of PCE was 

unchanged at different device temperatures, confirming the efficient photocarrier 

collection associated with the use of the short-discrete-absorber architecture in these 

ICTPV cells.  

7.3.3.2 J-V characteristics of TPV devices under laser illumination 

Similar to the setup used for shorter wavelength ICTPVs presented in section 

7.2.3.1, two IC lasers with emission wavelengths of 3.3 μm and 4.3 μm were used to 

mimic a selective emitter. Under illumination of a 4.3 μm laser with the emission 
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photon energy of ~0.29 eV slightly higher than the absorber bandgap, these ICTPV 

devices were able to achieve a high open-circuit voltage at RT and above. The intensity 

level from the laser on the TPV devices was similar to a concentrated solar source (up 

to ~190 suns) with a bandwidth of 20 to 100 nm depending on the laser injection 

current. Under the laser illumination (emission spectrum is shown in the inset of Figure 

7-15) of 19 W/cm2, the measured current density-voltage (J-V) curves for a 0.20.2 

mm2 device at 300 K and 340 K are shown in Figure 7-15. The open-circuit voltage was 

as high as 0.65 V (with Jsc=1.4 A/cm2), which is larger than a single bandgap value 

(Eg/e~0.25 V), validating the successful operation of series-connected multiple stages 

with large output voltage. At 340 K, the open-circuit voltage was near 0.4 V with a 

cutoff wavelength ~5.2 μm (corresponding to a bandgap of 0.24 eV). Under the same 

illumination, the short-circuit current density Jsc was higher at 340 K due to the higher 

absorption coefficient at the same wavelength (4.3 μm) associated with bandgap 

narrowing effect. 

 
Figure 7-15: Current density–voltage (J-V) characteristics of a 200×200 μm2 device 
at 300 and 340 K under illumination by an IC laser with emission wavelength near 
4.3 m (inset). 
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By varying the laser output power, we also obtained the relationship between Jsc 

and Voc for devices with different mesa sizes at 300 and 340 K with different 

illumination wavelengths. The lasing wavelength of the 4.3 μm IC laser was tuned from 

4.2 to 4.6 μm by changing its operating temperature. Results were compared with Jsc-

Voc relationship obtained under illumination by another IC laser with a higher emission 

energy (near 3.33 μm). We found that the Jsc-Voc relationship (Figure 7-16) mainly 

depended on the TPV device operating temperature and was independent of the laser 

emission wavelength. The observed variations in the Jsc-Voc curve for different size 

devices was attributed to variations in the surface recombination velocity (passivation 

quality and sidewall profile) and bulk defect density for different devices introduced by 

the non-uniformities in wafer and device fabrication. Since the measured Jsc-Voc curves 

are essentially a reflection of intrinsic properties of ICTPV devices, overall, all the 

devices showed consistent quality and performance. For the ideal diffusion-limited case, 

a diode-like equation can be used to describe the device J-V [25]:  

 

                                                   � = ��(���(��/�����) − 1)                                  (7-8) 

where q is the electron charge, kBT is the thermal energy at temperature T, Ns is the 

number of cascade stages, and J0 is the saturation current density related to carrier 

concentration and diffusion length [25]. Considering approximately equal voltage and 

the same J0 across each stage and adding an empirical ideality factor n for possible 

deviations from the ideal diffusion-limited case that is described by Equation (7-8), the 

open-circuit voltage can be expressed as: 
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�
ln �

���

��
+ 1�.               (7-9) 

 
Applying Equation (7-9) to fit the data presented in Figure 7-16 for a 0.2×0.2-

mm2 device, we found an excellent agreement for J0=88.5 mA/cm2, n=1.28, and J0= 

410 mA/cm2, n=1.22 for 300 and 340 K, respectively. The fit results verify the expected 

increase of J0 at higher temperatures attributed to the increased carriers, while the 

ideality factor n is close to the value for the ideal case (n=1) and is nearly unchanged 

with the temperature. How the values of J0 and n are related to the intrinsic material and 

structural properties of ICIPs requires further investigations and research. 

The device fill factor and the maximum output power density Pmax are shown in 

Figure 7-17 for two ICTPV devices with side dimensions of 0.2 mm and 0.5 mm at 300 

and 340 K for laser illumination near 4.3 and 3.3 μm. Both FF and Pmax increased with 

the short-circuit current density. The highest FF was 43% at 300 K under laser  

 
Figure 7-16: The measured relationship between the open-circuit voltage Voc and 
short-circuit current density (Jsc) of several devices at 300 and 340 K. Solid lines 
are theoretical fits according to Equation 7-9. Different colors stand for different 
illumination wavelengths from the two IC lasers. 
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illumination near 4.3 μm, which is smaller than a typical value (60-70%) for TPV cells 

with bandgaps of 0.5-0.6 eV [10-16]. This relatively low FF is partially due to the much 

narrower bandgap (<0.25 eV) and low PCE (~15% at 4.3 μm) with a thin total absorber 

layer (~1.1 μm). For the same reasons, Pmax was limited to 395 mW/cm2 at an incident 

laser power density of 18.9 W/cm2 (extracted from Jsc and EQE at 4.3 μm), resulting in 

a power conversion efficiency of 2.1%. The conversion efficiencies as a function of the 

incident power density are plotted in the inset of Figure 7-17 for the 0.2 mm device at 

300 K and 340 K. The PCE, FF, and power conversion efficiency should be much 

higher once an antireflection coating is used, and more stages are incorporated into 

ICTPV devices along with photocurrent matching between the cascade stages. The 

current matching can be achieved by adjusting the thicknesses of individual absorbers 

based on either estimated or measured absorption coefficients. Thus a power efficiency  

 
Figure 7-17: Fill factor and maximum output power density Pmax vs. short-circuit 
current density Jsc for two square mesa ICTPV devices with side dimensions of 0.2 
and 0.5 mm at 300 and 340 K illuminated by IC lasers near 4.3 and 3.3 μm. The 
inset is the power conversion efficiency of the 0.2 mm device at 300 and 340 K. 
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exceeding 10% could be reached with these improvements (e.g., PCE is raised from 

15% to 80%), which would be remarkable for low source temperature TPV systems at 

this level of maturity, operating at such a long wavelength and with modest light 

intensities. Nevertheless, to achieve higher than 10% power efficiencies advances in 

other aspects such as the reduction of contact resistance and dark current with improved 

material quality, device fabrication, as well as the optimization of device structure are 

required. 

7.4 Summary and concluding remarks 

In summary, two sets of narrow-bandgap (<0.5 eV) ICTPV devices were 

demonstrated at room temperature and above. The two- and three-stage TPV devices from 

the first set had a bandgap of ~0.4 eV at 300 K. The higher conversion efficiencies (up to 

48%) in three-stage ICTPV devices for 300-340 K validates the advantages of a multiple-

stage architecture with more stages at high temperatures. The other set had a bandgap of 

˂0.25 eV at room temperature. The high open-circuit voltage (~0.65 V at 300 K) that 

exceeds the bandgap of an individual absorber also validates the advantages of ICTPV 

structures as the base for conversion cells in long-wavelength (low temperature heat 

sources) TPV systems.  ICTPV devices are in their early stage of development and thus, 

with continued effort, significant advancements are expected in the future. 

7.5 Bibliography 

[1] M. G. Mauk and V. M. Andreev, "GaSb-related materials for TPV cells," 
Semiconductor Science and Technology, vol. 18, p. S191, 2003. 

 



 

190 

[2] K. J. Cheetham, P. J. Carrington, N. B. Cook, and A. Krier, "Low bandgap 
GaInAsSbP pentanary thermophotovoltaic diodes," Solar Energy Materials and 
Solar Cells, vol. 95, pp. 534-537, 2011. 

 
[3] Y. Jiang, L. Li, R. Q. Yang, J. A. Gupta, G. C. Aers, E. Dupont, et al., "Type-I 

interband cascade lasers near 3.2 μm," Applied Physics Letters, vol. 106, pp. 2-
6, 2015. 

 
[4] M. Meusel, R. Adelhelm, F. Dimroth, A. W. Bett, and W. Warta, "Spectral 

mismatch correction and spectrometric characterization of monolithic III–V 
multi-junction solar cells," Progress in Photovoltaics: Research and 
Applications, vol. 10, pp. 243-255, 2002. 

 
[5] W. E. McMahon, K. E. Emery, D. J. Friedman, L. Ottoson, M. S. Young, J. S. 

Ward, et al., "Fill factor as a probe of current-matching for GaInP2/GaAs 
tandem cells in a concentrator system during outdoor operation," Progress in 
Photovoltaics: Research and Applications, vol. 16, pp. 213-224, 2008. 

 
[6] D. K. Schroder, Semiconductor material and device characterization, John 

Wiley & Sons, 2006. 
 
[7] R. A. Sinton, "Possibilities for process-control monitoring of electronic material 

properties during solar-cell manufacture," in Proceedings of 9th Workshop on 
Crystalline Silicon Solar Cell Materials and Processes, pp. 67-73, 1999. 

 
[8] R. Sinton and A. Cuevas, "A quasi-steady-state open-circuit voltage method for 

solar cell characterization," in Proceedings of the 16th European Photovoltaic 
Solar Energy Conference, 2000. 

 
[9] M. Wolf and H. Rauschenbach, "Series resistance effects on solar cell 

measurements," Advanced Energy Conversion, vol. 3, pp. 455-479, 1963. 
 
[10] M. G. Mauk, "Survey of thermophotovoltaic (TPV) devices," in Mid-infrared 

Semiconductor Optoelectronics, Springer, pp. 673-738, 2006. 
 
[11] T. Bauer, Thermophotovoltaics: basic principles and critical aspects of system 

design, Springer Science & Business Media, 2011. 
 
[12] A. Datas and C. Algora, "Global optimization of solar thermophotovoltaic 

systems," Progress in Photovoltaics: Research and Applications, vol. 21, pp. 
1040-1055, 2013. 

 
[13] T. Coutts, "A review of progress in thermophotovoltaic generation of 

electricity," Renewable and Sustainable Energy Reviews, vol. 3, pp. 77-184, 
1999. 

 



 

191 

[14] C. Wang, H. Choi, S. Ransom, G. Charache, L. Danielson, and D. DePoy, 
"High-quantum-efficiency 0.5 eV GaInAsSb/GaSb thermophotovoltaic devices," 
Applied Physics Letters, vol. 75, pp. 1305-1307, 1999. 

 
[15] C. Wang, R. Huang, D. Shiau, M. Connors, P. Murphy, P. O'BRIEN, et al., 

"Monolithically series-interconnected GalnAsSb/AlGaAsSb/GaSb 
thermophotovoltaic devices with an internal backsurface reflector formed by 
wafer bonding," Applied Physics Letters, vol. 83, pp. 1286-1288, 2003. 

 
[16] R. K. Huang, R. J. Ram, M. J. Manfra, M. K. Connors, L. J. Missaggia, and G. 

W. Turner, "Heterojunction thermophotovoltaic devices with high voltage 
factor," Journal of Applied Physics, vol. 101, p. 6102, 2007. 

 
[17] R. Tuley and R. Nicholas, "Band gap dependent thermophotovoltaic device 

performance using the InGaAs and InGaAsP material system," Journal of 
Applied Physics, vol. 108, p. 084516, 2010. 

 
[18] W. Shockley and H. J. Queisser, "Detailed balance limit of efficiency of p‐n 

junction solar cells," Journal of Applied Physics, vol. 32, pp. 510-519, 1961. 
 
[19] T. J. Coutts and J. S. Ward, "Thermophotovoltaic and photovoltaic conversion at 

high-flux densities," IEEE Transactions on Electron Devices, vol. 46, pp. 2145-
2153, 1999. 

 
[20] R. DiMatteo, P. Greiff, S. Finberg, K. Young-Waithe, H. Choy, M. Masaki, et 

al., "Micron-gap thermophotovoltaics (MTPV)," in AIP Conference 
Proceedings, pp. 232-240, 2003. 

 
[21] W. R. Chan, P. Bermel, R. C. Pilawa-Podgurski, C. H. Marton, K. F. Jensen, J. 

J. Senkevich, et al., "Toward high-energy-density, high-efficiency, and 
moderate-temperature chip-scale thermophotovoltaics," Proceedings of the 
National Academy of Sciences USA, vol. 110, pp. 5309-14, Apr 2 2013. 

 
[22] A. Krier, M. Yin, A. R. J. Marshall, and S. E. Krier, "Low Bandgap InAs-Based 

Thermophotovoltaic Cells for Heat-Electricity Conversion," Journal of 
Electronic Materials, vol. 45, pp. 2826-2830, 2016. 

 
[23] R. Q. Yang, Z. Tian, J. Klem, T. D. Mishima, M. B. Santos, and M. B. Johnson, 

"Interband cascade photovoltaic devices," Applied Physics Letters, vol. 96, p. 
063504, 2010. 

 
[24] R. T. Hinkey, Z.-B. Tian, S. S. S. Rassel, R. Q. Yang, J. F. Klem, and M. B. 

Johnson, "Interband cascade photovoltaic devices for conversion of mid-IR 
radiation," IEEE Journal of Photovoltaics, vol. 3, pp. 745-752, 2013. 

 



 

192 

[25] R. T. Hinkey and R. Q. Yang, "Theory of multiple-stage interband photovoltaic 
devices and ultimate performance limit comparison of multiple-stage and single-
stage interband infrared detectors," Journal of Applied Physics, vol. 114, p. 
104506, 2013. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



193 

8 Chapter 8: Concluding remarks and research                               

perspective for interband cascade devices 

8.1 Summary 

Interband cascade (IC) optoelectronic devices include IC lasers (ICLs), IC 

infrared photodetectors (ICIPs), and IC thermophotovoltaic (ICTPV) devices. In this 

family of infrared devices, a multiple-stage architecture is employed to enhance the 

device performance over that of conventional single-stage devices. It is through this 

unique multiple-stage structure and type-II broken-gap band alignments that ICLs have 

the record low threshold current density [1] among different types of mid-IR lasers at 

room temperature. Moreover, ICIPs, owing to their cascade structure and reliance on 

interband transitions, have shown great promise to become the technology of choice for 

high-operating-temperature (HOT) and high-speed detectors. Similarly, ICTPV devices, 

with multiple absorbers that are individually shorter than the minority carrier diffusion 

length, result in enhanced collection efficiencies, high open-circuit voltages and 

conversion efficiencies over single-stage TPV cells with thick absorbers.  

While ICLs have been investigated for the past 20 years, ICIPs and ICTPV 

devices are in their early phase of research. The main purpose of the current work was 

to investigate the projected enhancements such as higher detectivities, higher operating 

temperature, and high-frequency response for these devices over conventional single-

stage IR detectors and TPV cells. 

In this dissertation, after a detailed overview on the current status of different 

technologies for IR detectors and TPV systems, the theory of IC devices, their operation 
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principles and design guidelines, are discussed. As well, detailed discussions on the 

conditions under which a multiple-stage device has superior performance over 

conventional designs are presented. The other chapters are devoted to the design and 

characterization of ICIPs for different IR bands, monolithically integrated mid-IR ICLs 

and ICIPs, and ICTPV devices.  

To investigate the performance of long-wavelength and very long-wavelength 

ICIPs, three sets of devices with type-II InAs/GaSb superlattice absorbers were 

designed and grown by MBE. For the first set, the 100% cutoff wavelength of detectors 

was 6.2 μm at 78 K, extending to 8 μm at 300 K. At T=125 K and higher temperatures 

we were able to observe the benefits of the three-stage detector over the two-stage 

device in terms of lower dark current and higher detectivity. We conjecture that 

imperfections associated with device growth and fabrication had a substantial effect on 

the low-temperature device performance and were responsible for unexpected behavior 

at these temperatures. It is also found that the zero-bias photo-response increased with 

temperatures up to 200 K, which was indicative of an efficient collection of 

photogenerated carriers at high temperatures. These detectors were able to operate at 

temperatures up to 340 K with a cutoff wavelength longer than 8 μm. A second set of 

detectors included two-stage LWIR ICIPs with engineered interfaces in the SL 

absorbers. These detectors were able to operate at high temperatures (up to 250 K) with 

an extended cutoff wavelength of ~12 μm. At 78 K, these LWIR detectors have a bias-

independent photocurrent, with an R0A of 115 Ω.cm2. This corresponds to a Johnson-

noise-limited D* of 3.7×1010 cm.Hz1/2/W at 8.0 μm. Finally, the last set had 100% cutoff 

wavelengths of 16.0 μm at 78 K. The very-long-wavelength infrared (VLWIR) 
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detectors were able to operate at temperatures up to 143 K. Relatively high dark current 

densities were observed from these VLWIR detectors. This was attributed to the very 

narrow bandgap and possibly to defects in the materials. In addition, the photo-response 

of these detectors was strongly dependent on the bias, indicating that further research 

and device optimization are necessary. Overall, these results demonstrate the advantage 

of the interband cascade structures to achieve high-temperature operation for long-wave 

infrared photodetectors. 

In Chapter 4, high temperature operation (250-340 K) of short-wavelength ICIPs 

with InAs/GaSb/Al0.2In0.8Sb/GaSb superlattice absorbers has been demonstrated with a 

50% cutoff wavelength of 2.9 μm at 300 K. Two ICIP structures, one with two and the 

other with three stages, were designed and grown to explore this multiple-stage 

architecture. At λ=2.1 μm, the two- and three-stage ICIPs had Johnson-noise-limited 

detectivities of 5.1×109 and 5.8×109 cm·Hz1/2/W, respectively at 300 K.  The better 

device performance of the three-stage ICIP over the two-stage ICIP confirmed the 

advantage of more stages for the cascade architecture.  An Arrhenius activation energy 

of 450 meV is extracted for the bulk resistance-area product, which indicates the 

dominance of the diffusion current at these high temperatures. 

The high-frequency operation of a mid-IR interband cascade system is discussed 

in Chapter 5. This IC optoelectronic system consists of a type-I ICL and an uncooled 

ICIP. The 3-dB bandwidth of this system under direct frequency modulation was ~850 

MHz.  A circuit model was developed to analyze the high-frequency characteristics. 

The extracted 3-dB bandwidth for an uncooled ICIP was ~1.3 GHz, signifying the great 

potential of interband cascade structures for high-speed applications. The Johnson-



 

196 

noise-limited detectivity of these ICIPs exceeded 109 cm∙Hz1/2/W at 300 K. These 

results validate the advantage of ICIPs to achieve both high speed and sensitivity at high 

temperatures. 

Next, in Chapter 6, the first demonstration of a monolithically integrated mid-IR 

interband cascade (IC) laser and photodetector operating at room temperature is 

reported. The base structure for the integrated laser and detector is a six-stage type-I IC 

laser with GaInAsSb quantum well active regions. The laser/detector pair was defined 

using focused ion beam milling. The laser section lased in cw mode with an emission 

wavelength of ~3.1 μm at 20 ◦C and top-illuminated photodetectors fabricated from the 

same wafer had Johnson-noise-limited detectivity of 1.05×109 cm.Hz1/2/W at this 

wavelength and temperature. Under the same conditions, the detectivity for the edge 

illumination configuration for the monolithically integrated laser/photodetector pairs is 

projected to be as high as 1.85×1010 cm.Hz1/2/W, as supported by experimentally 

observed high photocurrent and open-circuit voltage. These high-performance 

characteristics for monolithically integrated IC devices show great promise for on-chip 

integration of mid-IR photonic devices for miniaturized sensors and on-chip optical 

communication systems. 

Two sets of ICTPV devices were designed and grown to investigate the influence 

of the number of stages and thickness of absorbers on device performance. The devices 

from a first batch of TPV cells had a cutoff wavelength of ~2.9 μm at room temperature. 

Two-stage (three-stage) photocurrent matched devices from this set had open-circuit 

voltage of 530 mV (800 mV) and efficiency of 6.5% (9.6%) at 300 K. These experimental 

results reveal that the three-stage devices had higher efficiencies and open-circuit voltage 
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over the two-stage TPV devices and validate the benefits of more stages for this IC device 

architecture. A second batch consisted of narrower bandgap (<0.25 eV) TPV devices. 

These TPV devices can achieve a high open-circuit voltage (~0.65 V at 300 K), which 

significantly exceeds the single bandgap limited value. This work demonstrates the 

capabilities and advantages of ICTPV devices designed to effectively convert long 

wavelength (>5 μm) infrared photons from relatively low-temperature radiation sources 

(<1,000 K) into electricity.  Detailed characteristics of these TPV devices were presented 

and discussed in Chapter 7. 

8.2 Future works 

Since ICIPs and ICTPV devices are in their early stage of development, some of 

their properties are not fully understood and require further investigation. Below, some 

possible future research routes are briefly discussed in the hope that better understanding 

of the device physics will lead to an enhanced device performance. 

As discussed in Chapter 2, when αLe is small (e.g., <0.5), multiple-stage detectors 

have a significant enhancement of the detectivity over single-stage detectors.  This means 

that an accurate knowledge of the absorption coefficient and diffusion length is critical 

for optimization of the ICIPs and ICTPV devices structure (e.g., optimum number of 

stages and absorber thicknesses). While there has been some work on the measurement 

and modeling of the absorption coefficient of type-II SL structures [2-4] most of these 

works are not comprehensive and do not cover a wide range of temperatures. 

Furthermore, because the device absorption coefficient is sensitive to the SL structure 

and its constituent layers [4], the data for a specific SL structure does not represent the 
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absorption coefficient for all structures. Direct measurements of the absorption spectrum 

for specific type-II SL structures, similar to the study presented in section 5.3.2, are 

crucial for evaluation of the absorption coefficient for type-II SL structures in different 

IR bands.  

Similarly, there has been limited work on the study of the diffusion length and 

carrier lifetime in T2SLs and it has mainly been carried out at low temperatures [5-9]. 

Similar studies to those presented in section 4.3.2 are required to extract the device 

diffusion length in the different IR bands and for different SL configurations. As an 

alternative to this approach, the measured quantum efficiencies can be used to fit the 

related equation(s) to find the device diffusion length.  

The experimental investigation of high-frequency operation of ICIPs shows 

gigahertz bandwidth for these devices. It is expected that by better device packaging the 

device frequency response can be further enhanced for demanding applications such as 

free-space optical (FSO) communications and heterodyne detection. While a preliminary 

FSO link (detector-to-laser distance of 1 m) has been demonstrated with current ICIPs 

and ICLs, because of high detectivity of ICIPs at room temperature, further enhancements 

in the system packaging will result in long-distance (e.g., building to building) FSO 

communication systems in mid- and long-wave IR bands. Also, the measured 3-dB 

bandwidths of ICIPs can be used to extract the device diffusion length at different 

temperatures. How the frequency response of ICIPs changes with bias and temperature 

remains unexplored and is worth investigation.  

In ICLDs, parameters such as the coupling efficiency between the laser and the 

detector sections require further investigation. Direct measurement of the device 



 

199 

responsivity and the possible enhancement of the device detectivity compared to a top 

illumination configuration is of particular importance for future developments of ICLDs. 

Because the ICLD structure is similar to that of coupled-cavity lasers, single mode 

operation of ICLDs is expected by the incorporation of another slot in the device structure 

to control the mode selection. 

The series and shunt resistance in ICTPV devices are far from optimum. Further 

work is required to improve the device fabrication and thereby reduce the sidewall 

leakage and series resistance. Direct measurements of the device contact resistance by 

methods such as transmission line method (TLM) and the post-fabrication annealing of 

the devices and its influence on the contact resistance need further investigation.  Also, 

the nearly lattice-matched constant of 6.1-Å-material family provides great flexibility in 

realizing a multi-bandgap tandem TPV cell to achieve higher conversion efficiency. 

The current theoretical model for ICIPs only considers diffusion processes, this 

model can be further improved by the introduction of other terms such as g-r and 

tunneling, which are usually important in narrow bandgap III-V semiconductors. These 

modifications can enhance the accuracy of the model to predict the device performance, 

particularly at low temperatures, where diffusion is not the dominant transport 

mechanism. Moreover, high intrinsic carrier concentrations at high temperatures in 

narrow bandgap semiconductors could counter the device doping. It is possible that 

holes start to become an important factor in the carrier transport. Therefore, a refined 

model that includes the hole transport in the device equations could enhance the 

accuracy of the theoretical models for ICIPs and ICTPV devices. 
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