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Abstract 
 
 

Quantum Dot Infrared Photodetectors (QDIPs) are important alternatives to 

conventional infrared photodetectors with high potential to provide required detector 

performance, such as higher temperature operation and multispectral response, due to the 

3-D quantum confinement of electrons, discrete energy levels, and intrinsic response to 

perpendicular incident light due to selection rules. However, excessive dark current 

density, which causes QDIPs to underperform theoretical predictions, is a limiting factor 

for the advancement of QDIP technologies. The purpose of this dissertation research is to 

achieve a better understanding of dopant incorporation into the active region of QDIPs, 

which is directly related to dark current control and spectral response. From this 

dissertation research, doping related dipole fields are found to be responsible for 

excessive dark current in QDIPs.  

InAs/GaAs QDIPs were grown using solid source molecular beam epitaxy (MBE) 

with different doping conditions. The QDIPs were optically characterized using 

photoluminescence and Fourier transform infrared (FT-IR) spectroscopy. Devices were 

fabricated using standard cleanroom fabrication procedures. Dark current and capacitance 

measurements were performed under different temperature to reveal electronic properties 

of the materials and devices. A novel scanning capacitance microscopy (SCM) technique 

was used to study the band structure and carrier concentration on the cross section of a 

quantum dot (QD) heterostructure. In addition, dark current modeling and bandstructure 

calculations were performed to verify and better understand experimental results. 
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Two widely used QDIP doping methods with different doping concentrations 

have been studied in this dissertation research, namely direct doping in InAs QD layer, 

and modulation doping in the GaAs barrier above InAs QD layer. In the SCM experiment, 

electron redistribution has been observed due to band-bending in the modulation-doping 

region, while there is no band-bending observed in directly doped samples. A good 

agreement between the calculated bandstructure and experimental results leads to better 

understanding of doping in QD structures. The charge filling process in QDs has been 

observed by an innovative polarization-dependent FT-IR spectroscopy. The red-shift of 

QD absorbance peaks with increasing electron occupation supports a miniband electronic 

configuration for high-density QD ensembles. In addition, the FT-IR measurement 

indicates the existence of donor-complex (DX) defect centers in Si-doped QDIPs. The 

existence of DX centers and related dipole fields have been confirmed by dark current 

measurements to extract activation energies and by photocapacitance quenching 

measurements.  

With the understanding achieved from experimental results, a further improved 

dark current model has been developed based on the previous model originally 

established by Ryzhii and improved by Stiff-Roberts. In the model described in this 

dissertation, two new factors have been considered. The inclusion of background drift 

current originating from Si shallow donors in the low bias region results in excellent 

agreement between calculated and measured dark currents at different temperatures, 

which has not been achieved by previous models. A very significant effect has been 

observed in that dark current leakage occurs due to the dipole field caused by doping 

induced charge distribution and impact-ionized DX centers.  
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Last but not least, QDIPs featuring the dipole interface doping (DID) method 

have been designed to reduce the dark current density without changing the activation 

energy (thus detection wavelength) of QDIPs. The DID samples involve an InAs QD 

layer directly-doped by Si, as well as Be doping in the GaAs barrier on both sides of the 

QD layer. The experimental result shows the dark current density has been significantly 

reduced by 104 times without any significant change to the corresponding activation 

energy. However, the high p-type doping in the GaAs barrier poses a challenge in that the 

Fermi level is reduced to be well below the QD energy states. High p-type doping is 

reported to reduce the dark current, photocurrent and the responsivity of the devices.  

To conclude, it is significant to identify to effect of Si-induced defect centers on 

QDIP dark currents. The subsequent study reveals doping induced dipole fields can have 

significant effects on QDIP device performance, for example, causing charge leakage 

from QDs and reducing activation energy, thereby increasing dark current density. The 

DID approach developed in this work is a promising approach that could help address 

these issues by using controlled dipole fields to reduce dark current density without 

changing the minimum detectable energy of QDIPs.   
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Chapter 1 Introduction 
 

1.1. A Brief Introduction to Quantum Dot IR Photodetectors 

Infrared (IR) photodetection and imaging are widely used in night vision, medical 

diagnosis, industry failure analysis, environmental monitoring, military targeting, 

weathering forecasting, and infrared astronomy.1 Dark current originated by thermionic 

emission is one of the main factors limiting the performance of IR imaging, since the 

thermal energy is comparable with the energy of IR photons at high temperature. For 

example, the energies for short-wavelength IR (1~3 μm), mid-wavelength IR (3~5 μm), 

long-wavelength IR (8~14 μm) and far-IR (> 14 μm) are 1.24~0.41 eV, 0.41~0.248 eV, 

0.115~0.09 eV and less than 0.09 eV, respectively. The thermal energy, kBT, at room 

temperature, is 0.0258 eV. Therefore, traditional IR photodetectors need to work at low 

temperature in order to minimize the dark current caused by thermionic emission. 

Currently, the main commercial IR photodetector material, mercury cadmium telluride 

(MCT) typically operates at a temperature of 80 K, which can only be achieved by using 

a liquid nitrogen dewar or equivalent cryogenic system. Such cooling systems increase 

the weight and cost of IR photodetector cameras and impede field deployability. 

Strained-layer epitaxy quantum dots (QDs) formed by the Stranski-Krastanow (S-K) 

growth mode have attracted intense interest for application in infrared photodetectors2-11 

due to the advantages expected from three-dimensional carrier confinement. 

Theoretically, electrons can be better confined in the QDs, thereby reducing dark current 

in quantum dot infrared photodetectors (QDIPs) and increase operating temperature.  
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Three-dimensional quantum confinement in QDs can also enable normal incidence 

response, which is highly desirable for QDIPs operation.  

InAs/GaAs QDIPs have already demonstrated mid-IR (3-5μm) performance 

comparable to 77 K MCT photodiodes at temperatures as high as 150 K.12 Advanced 

device heterostructures, such as 1) InGaAs QDs with variable composition,13 2) dots-in-

a-well (DWELL) QDIPs with different well width 14 or bias voltage,15  and 3) resonant-

tunneling QDIPs,16,17 have demonstrated some success at achieving multi-spectral 

detection in the mid- and long-wave IR regimes. Recently, QDIP focal plane arrays (FPA) 

(640x512 pixels,18 and 320x256 pixels19) have demonstrated reasonable performance at 

77 K for long-wavelength IR detection (8.1 μm, detectivity = D* = ~1010 cmHz1/2/W)18, 

and at 200 K for mid-wavelength IR detection (4 μm, detectivity = D* = ~1010 

cmHz1/2/W) 19. Table 1.1 shows a comparison of values for some important figures of 

merit in MCT photodetectors, InAs/GaAs QDIP, and QDIPs with advanced device 

heterostructures.  

While QDIPs clearly demonstrate lower dark current densities at higher operating 

temperatures compared to MCT photodiodes, as shown in Table 1.1, the specific 

detectivity is limited to the 1010–1011 cmHz1/2/W range. In order to be a commercially 

viable alternative, QDIPs must provide D*~1012 cmHz½/W, in both the mid- and long-

wavelength IR ranges for temperature > 200 K to enable thermo-electric cooling. A good 

understanding of how doping affect the performance of QDIPs is necessary to achieve 

these design goals. 
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Table 1.1 Comparsion of important figures of merit in different QDIPs and MCT 
photodiode.  
 

 Dark Current 
Density (Jdark) 
(A/cm2) 

Peak 
Responsivity 
(Rpeak) 
(A/W) 

Detectivity 
(D*) 
(cmHz1/2/W) 

Spectral 
Resonse Peak 
(λpeak) (μm) 

MCT20 3x10-5     (77K) 5        (77 K) ~1012    (77 K) Multi-spectral 
response 

70-layer 
InAs/GaAs 
QDIP21 

5.8x10-10 (100K) 2.5     (78 K) ~1011   (100 K) ~3    (77 K) 

InGaAs QDIP 
with variable 
composition13 

~10-6       (120K) 0.07   (80 K) 4.8x1011 (80 K)  7.5   (80 K) 

DWELL22  ~10-10      (70K) 0.76   (77 K) 1.4x1010 (77 K) 9.5    (77 K) 
Resonant-
tunneling 
QDIPs 17 

1.6x10-8  (80 K) 0.75   (80 K) 2.4x1010 (80 K) ~6 & 17 (80 K) 

 

1.2. Doping Studies of QDIPs  

The fundamental challenge to achieving high-detectivity, multi-spectral QDIP 

performance at high operating temperatures is the non-uniformity of QD ensembles due 

to the random fluctuations of dot size, dot shape, and doping. The resultant 

inhomogeneous linewidth broadening, as well as limited control of confined energy 

levels and corresponding carrier occupation, lead to dark current densities significantly 

higher than those predicted theoretically. The current approach to address high dark 

current density in QDIPs is to include an AlxGa1-xAs current-blocking barrier (with x = 

0.3 in most cases) adjacent to the top contact layer in the device heterostructure. However, 

the AlGaAs barrier height limits the spectral response to the mid-IR range. Therefore, in 

order to reduce dark current density without impacting spectral response or other device 

characteristics, it is important to optimize the doping condition of QD heterostructures. 
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Different doping techniques, doping positions, and doping concentrations have been 

investigated by many research groups to optimize QDIP performance.21,23-28 Different 

doping techniques include uniform doping, direct doping, remote modulation doping, and 

remote delta-doping. The pros and cons of different doping schemes will be discussed 

later in the text. Here I will introduce how different doping schemes are achieved. 

Uniform doping is a doping technique that the shutter of the dopant cell keeps open 

during the growth of both InAs QD layers and GaAs barrier layers, and the dopant atoms 

uniformly distribute through out the device. Direct doping is achieved by opening the 

dopant cell shutter only during the growth of InAs QD layers. So that the dopant atoms 

are directly incorporated into InAs QDs. Remote doping removes the dopant ion from the 

active region such that ion impurity scattering is reduced. Such remote doping is achieved 

by modulation-doping, in which dopants are distributed over a narrow, defined thickness 

of bulk semiconductor, and delta-doping, in which dopants are distributed in a discrete 

growth plane absent of bulk semiconductor.  

Doping techniques and position have been studied by Hwang,23 Pal26and Stiff-

Roberts.21 It is found that uniformly doped QDIPs with doping throughout the QDIP 

heterostructure generate low detectivity (1x107 cmHz1/2 at 78 K) due to excessive dark 

current noise.26 The high dark current in these devices results from increased generation-

recombination noise due to the uniform dopant distribution. Hwang et al. used 

photoluminescence (PL) to study the effectiveness of charge filling in QD energy levels 

with different doping techniques (i.e., direct doping in QDs, doping in GaAs cap layer, 

remote doping in GaAs barrier 10 nm above QD layer, buffer layer doping below QD 
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layer, and doping on QD surface). According to these PL measurements, the QD direct 

doping is the most effective method.23 Stiff-Roberts has investigated QDIP performance 

with different doping methods including 1) direct-doping of InAs QDs, 2) modulation-

doping of the InAs QD wetting layer, and 3) modulation-doping of the GaAs cap layer, 

either adjacent or further removed from the InAs QD (barrier).21 Detector characteristics 

under low-bias conditions (< 1.0 V) were measured in the four samples with different 

doping schemes at 78 K. Table 1.2 shows a comparison of key device parameters for the 

different doping schemes.21 The QDIP featuring a modulation-doped GaAs barrier had 

both the best responsivity and the largest detectivity, demonstrating optimized 

performance.  

 
Table 1.2 Comparison of key parameters for QDIPs for different doping techniques when 
the bias voltage is 0.2 V. In the heterostructure, from bottom up, the structure consists of 
i)1.7 ML InAs wetting layer, ii)InAs quantum dot, iii) GaAs cap layer, iv)  GaAs barrier 
layer. (Data obtained from figures in reference 21)  
 

 Sample 1 Sample 2 Sample 3 Sample 4 
Doping 
location 

Wetting layer Quantum dot GaAs cap layer GaAs barrier layer 

Structure 

    
Signal 
Current (A) 

2.1 x 10-12 4.1 x 10-12 3.9 x 10-12 6.0 x 10-12 

Noise 
Current (A) 

7.0 x 10-13 1.7 x 10-13 8.5 x 10-14 4.4 x 10-14 

Peak 
Responsivity 
(A/W) 

3.1 x 10-4 5.0 x 10-4 4.9 x 10-4 7.9 x 10-4 

Peak 
Detectivity 
(cmHz1/2/W) 

0.5 x 108 3.6 x 108 7.0 x 108 2.1 x 109 
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In addition, the optimum doping concentration has also been studied by many 

groups. Kim et al. reported high detectivity of 3x1011 cmHz1/2/W for an undoped QDIP,24 

while Attaluri and Krishna et al. reported an optimum doping concentration of 1 e/dot in  

DWELL detectors.27 However, Lee et al. reported that the detectivity increases [~ mid 

108 cmHz1/2/W for all the samples] with in increase in the doping concentration from 

1.5x1010/cm2 to 1.5x1011/cm2 (the QD density is unknown for these samples). Generally, 

it is preferable to dope QDIPs with two electrons per QD, so that electrons can only 

occupy the ground state of the QDs, but not the excited states.29 For higher doping 

concentrations, the dark current will increase since additional electrons will start to fill 

the excited state and escape more easily from the QD due to thermionic emission and 

field assisted tunneling.  

The activation energy, Ea, has also been studied and compared between undoped 

and directly doped samples by Drozdowicz-Tomsiz et al..28 The activation energy of QDs 

corresponds to the energy difference between the highest occupied bound state energy 

level and the barrier bandedge, thereby defining the minimum detectable energy in the 

QD system. It is shown that the activation energy for the doped samples is significantly 

lower than for the undoped sample. A defect-induced sequential resonant tunneling 

mechanism in Si-doped QDIPs was proposed to be responsible for reducing the activation 

energy; however, these existing QDIP doping studies are not yet conclusive.  

Therefore, my dissertation focuses on doping study of QDIPs to understand its effect 

on dark current so that improved device performance (especially control over spectral 

response and higher detectivities) can be achieved at higher operating temperatures.  
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1.3.  Strained-Layer Epitaxy QDs Formed by Stranski-Krastanow 
Growth 

 

In order to understand the QDIP device physics, it is necessary to start with the 

formation of the QDs. High quality strained-layer epitaxy QDs can be grown by 

molecular beam epitaxy (MBE) in the S-K mode30 when the lattice mismatch between 

substrate and epi-layer exceeds 1.8%. InAs/GaAs is one of the most extensively studied 

QD systems grown by the S-K mode, and this system has a lattice mismatch of 7%. From 

a thermodynamic point of view, strained-layer epitaxy InAs islands are formed in 

pyramidal or lens shape depending on the growth conditions to favor a three-dimensional 

Helmholtz free-energy minimization configuration after a two-dimensional InAs epi-

layer (called the wetting layer) is grown on the GaAs substrate.31 The QDs have been 

shown to have coherent strain and minimal dislocation, which is very advantageous for 

device applications. However, the nucleation site and size of the QDs grown by strained-

layer epitaxy have random distributions due to the free-energy minimization process in 

QD growth, leading to nonuniformity in the QD ensemble. This nonuniformity can result 

in variability in QD confined energy levels, increased dark current, reduced detectivity, 

and limited spectral response tunability in QDIPs.  

The shape of QDs is important for the theoretical calculation of electronic 

structure in QD systems. Both cross sectional transmission electron microscopy 

(XTEM)32,33 and scanning tunneling microscopy (STM)33-35 have been used to probe the 

shape and crystal structure of QDs. Both pyramidal and dome shape QDs have been 
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observed for different samples, even in a different area of the same sample.18 The typical 

sizes of QDs are 20-30 nm in base diameter and 4-10 nm in height.  

The typical MBE growth technique used for InAs/GaAs QDs is described below. 

On a semi-insulating (100) GaAs substrate, a 2.2 ML InAs QD layer is grown after 

growing a 50 nm GaAs buffer layer at 620 ºC by solid source MBE using a Riber 2300 

system with background pressure of 4x10-11 Torr and As4 source. The formation of the 

InAs QDs is monitored by reflection high-energy electron diffraction (RHEED) patterns, 

which show a two-dimensional to three-dimensional RHEED pattern transition between 

1.7 ML and 2.2 ML of InAs as the surface transitions from the wetting layer to QDs. A 

thirty-second pause is taken after QDs are observed on the surface to allow the dots to 

form completely. The QD growth temperature is 500 ºC, and the corresponding QD 

surface density of 1011 dots/cm2 is shown by the AFM image in Figure 1.1.                    

 

 

Figure 1.1 AFM image of QD sample grown at 500 °C. 
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PL spectroscopy can be used to probe the interband transition in QDs by creating 

electron and hole pairs between conduction and valence bands. The PL spectra shown 

below were obtained at T = 87 K using a 4.25 mW diode laser centered at 675 nm with a 

focus point of 500 μm in diameter. The luminescence signal was detected by a Si 

charged-coupled device (CCD) detector. Figure 1.2 shows the measured PL spectrum for 

a 5-layer undoped InAs/GaAs QD structure with a 50 nm GaAs cap layer. The inset 

shows an AFM image for a 250 x 250 nm2 QD surface. The AFM image shows dense 

QDs are formed in a bimodal pattern. The smaller QDs have a typical dimension of 6 nm 

in height and 25 nm in base diameter, while the larger QDs have a typical dimension of 

10 nm in height and 40 nm in diameter. Two distinct peaks are observed in the measured 

PL spectrum at 1348 meV and 1286 meV, as well as a shoulder at 1238 meV. The high 

intensity peak centered at 1348 meV has a narrow full with at half maximum (FWHM) 

linewidth of 34 meV, and is believed to originate in the smaller QDs with little size 

dispersion. The peak centered at 1286 meV with a shoulder at 1238 meV, lower intensity, 

and a broad FWHM is believed to originate in the larger QDs with less electron 

population because the ground state energy in the larger QDs is lower than that of the 

smaller QDs. The strong PL signal shown in Figure 1.2 demonstrates good optical quality 

of the QD sample.  
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Figure 1.2 PL spectrum of typical five layer InAs/GaAs QD sample grown at 500 °C. The 
inset shows a 250 x 250 nm2 uncovered QD surface. 
 
 

1.4. Intraband Electronic Structure in QDs 

In addition to interband transitions across the bandgap demonstrated by PL 

measurements, transitions can occur between energy levels in the QD conduction band 

(electrons) or valence band (holes). Such transitions are called intraband transitions, and 

they form the basis for QDIP operation.  

There are discrete energy levels in the QD conduction band due to strong quantum 

confinement. Thus, the QD is an artificial atom that can be modeled by the three-

dimensional particle-in-a-box model. The intraband electronic structure depends on the 

size, shape and composition of the QDs. As an example, Figure 1.3 depicts the electronic 

intraband transition processes in a QD conduction band under IR photoexcitation. These 

intraband transitions include: i) bound-to-bound (B-B) transition, in which the transition 
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is between the discrete bound levels in the QD, and ii) bound-to-continuum (B-C) 

transition, in which the electrons are excited out of the QD to the continuum state of the 

barrier semiconductor. The photoexcited electrons can be directly collected as 

photocurrent for B-C electrons, while B-B electrons can only be collected as photocurrent 

by subsequent tunneling through or thermionic emission over the potential barrier.  

 

 

 

Figure 1.3 Illustration of B-B and B-C transition processes in QD under IR 
photoexcitation. 

 

Large coherent strain due to the lattice mismatch between InAs QD and GaAs 

substrate dramatically changes the InAs bandgap from 0.4 eV in bulk material to ~1.05 

eV in the QDs.36  In order to consider the large strain effect, Jiang and Singh have 

developed an eight-band k.p model to calculate the band structure of QD systems.37 Since 

the valance band and conduction band cannot be decoupled in large strain field, the 

nearest eight bands are used to calculate the solution in this model, while valence force 

field (VFF) model38,39 has been used to calculate the strain distribution. Figure 1.4 shows 

Continuum States 

QD excited states 
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the first four bound states in the conduction band calculated for a pyramidal InAs/GaAs 

QD of 6.8 nm height and 13.5 nm width.21  The B-B transition between the ground state 

and the first excited state is 88 meV.  

 

 

Figure 1.4 Calculated first four bound state in InAs/GaAs QD using 8-band k.p model. 
(after Stiff-Roberts21) 

 

Cornet et al. verified that QDs can laterally couple with each other within the 

same plane by a wetting-layer-assisted coupling mechanism.40 A miniband can be formed 

by electron wavefunction coupling between QDs. The miniband is important to high 

density QD samples since the interdot spacing is very small in such samples. The dot 

density of the samples studied in this work is ~1x1011 dots/cm2 with lateral interdot 

spacing being as small as 5-7 nm. It is worth noting that miniband formation is believed 

to exist in the QD ensemble with such small interdot spacing41. The minibands originate 

from the spread of the confined electron wavefunction. Upon lateral coupling, the 

electron waves overlap with each other, and permit interdot tunneling in the lateral 

direction. The miniband concept is relevant in this work, in that it could affect the 

appropriate doping level of high density QD ensembles. 



 

13

1.5. Summary of Research Goals and Results  

The goal of my research is to address major challenges to improving QDIP 

performance by exerting better control over dopant incorporation in QDs. The research 

approach includes: 1) use scanning capacitance microscopy (SCM) as a direct 

measurement tool to investigate how electrons incorporate into QD layers using different 

doping methods and doping concentrations, 2) design systematic experiments to 

investigate how doping position and doping concentration affect the dark current in 

QDIPs, 3) improve upon an existing dark current model to include the understanding 

gained from experimental results. Thus, I have conducted several systematic studies 

designed to better understand how Si dopants incorporate into InAs/GaAs QD systems 

and participate in the dark current transport process.  

In Chapter 2, dopant incorporation in InAs/GaAs QD heterostructures is 

investigated using SCM for two-dimensional carrier concentration mapping. Cross-

sectional SCM is used for the first time to study multilayer InAs/GaAs QD structures 

with different doping schemes.42 While some work has been conducted to study planar 

QDs using SCM in both vacuum43 and ambient44 conditions, my research is unique in 

that: i) cross-sectional SCM mapping of electronic properties in a multi-layer QD sample 

provides a more realistic perspective of device performance during operation, and ii) the 

design of the multilayer InAs/GaAs QD heterostructure enables a direct comparison 

between direct-doping and remote-doping schemes featuring different doping 

concentrations. Combining the experiment and calculation results obtained using 

Nextnano3, electron redistribution has been observed due to the band-bending in the 
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remote-doping region. Such information is extremely important in optimizing the doping 

techniques used during MBE growth of QDIPs in order to enhance device performance.  

In Chapter 3, the experimental procedure and results of polarization-dependent 

Fourier transform infrared (FT-IR) spectroscopy  of QDIPs are described and discussed.45 

I have developed a unique, direct and convenient technique using polarization-dependent 

FT-IR spectroscopy to probe intraband electronic structures in QD ensembles. This 

technique is capable of extracting the QD absorbance signal that is notoriously difficult to 

measure due to the small QD volume percentage in the entire sample. By using the 

polarization-dependent FT-IR method, enhanced absorbance spectra have been obtained 

for QD samples in my research. In addition, the polarization-dependent method 

developed in my research can successfully separate the absorption strength in the growth 

direction (Z-direction) from that within the growth plane (X-Y plane), while the 

traditional approach can only extract a mixed absorption strength using p-type 

absorbance. This unique approach is important in that it more accurately represents the 

energy level transitions in QDs and permits a less ambiguous correlation between 

observed absorbance peaks and carrier occupation in QDs. 

In Chapter 4, donor-complex (DX) defect centers due to Si-doping of GaAs are 

identified as the source of leakage dark current in QDIPs.46 The formation of DX centers 

involves a donor atom (D) plus an unknown (X) defect.47 Using the polarization-

dependent FT-IR method, I have observed an additional peak at 405 meV which shows 

signatures of DX center: i) spherical symmetry, ii) sensitive to thermal activation, and iii) 

DX center concentration increases as doping concentration increases using modulation-
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doping method, but not when using delta-doping method.  Thus, it is part of the goal of 

my dissertation research to elucidate the important influence of DX-like centers on the 

dark current of InAs/GaAs QDIPs. I have performed a photocapacitance quenching 

experiment to verify that DX centers exist in doped QD samples but not in undoped QD 

samples. Subsequent dark current measurements and activation energy calculations show 

that a significant difference exists between doped and undoped QD Schottky diodes in 

that the doped samples experience a precipitous decrease of activation energy with 

increasing applied bias. DX center impact ionization and subsequent dipole fields are 

proposed to be responsible for the activation energy decrease in the doped samples.48  

In Chapter 5, an earlier QDIP dark current model developed by Ryzhii et al.49 and 

Stiff-Roberts et al.,50 is improved by including additional dark current sources, namely,  

background drift current induced by shallow Si-donor atoms and point-defect-induced, 

dipole-field-assisted, tunneling current. The inclusion of these mechanisms results in 

excellent agreement between calculated and measured dark currents under low bias 

conditions at different temperatures, which has not been achieved by previous models. In 

addition, my research also elucidated the contribution of defect centers to dark current 

leakage under different bias conditions. The dipole field caused by ionized defect centers 

has a significant influence on the bandstructure of QDs, alters the tunneling rate, and 

changes the dark current correspondingly. 

In Chapter 6, a dipole interface doping (DID) method is used in the QDIP active 

region to create a band-edge discontinuity that increases the barrier height and reduces 

the dark current density without affecting the QD activation energy. The dark current 
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density of the DID QDIPs demonstrate a reduction by 104 compared to reference QDIPs, 

while the activation energies of the DID QDIPs shows no significant change. This 

implies the minimum detectable wavelength (and by extension the peak spectral 

wavelength) will not be affected by the DID doping in QDIPs. As a result of reducing 

dark current density effectively without significantly increasing potential barrier, the 

QDIPs are expected to improve the detectivity, spectral tunability, and operating 

temperature without limiting the detecting range to mid-IR.  

 Finally, Chapter 7 concludes this dissertation research and provides 

recommendations for future research directions.  
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Chapter 2 Cross-sectional Scanning Capacitance 
Microscopy of QD Heterostructures 

 

2.1 Background of Scanning Capacitance Microscopy  

Scanning capacitance microscopy (SCM) has been used as a promising tool for 

high-resolution, two-dimensional dopant distribution mapping in variety of 

semiconductor structures, primarily for Si-based 51-53 devices. Recently, the SCM 

technique has also been used for doping studies in III-V 54-57 devices. Yet, the SCM 

technique has not been used in cross-sectional doping characterization of QD structures. 

In the present work, in an effort to better understand the doping effect on carrier 

occupation and transport in QDIPs, cross-sectional SCM is used for the first time to study 

multilayer InAs/GaAs QD structures with different doping schemes. The doping methods 

include both direct-doping (in InAs QD layers) and remote-doping (in GaAs spacer layers 

above QD layers) featuring different doping concentrations. While some work has been 

conducted to study planar QDs using SCM in both vacuum43 and ambient44 conditions, 

the current work is unique in that: i) cross-sectional SCM mapping of electronic 

properties in a multi-layer QD sample provides a more realistic perspective of device 

performance during operation, and ii) the design of the multilayer InAs/GaAs QD 

heterostructure enables a direct comparison between direct-doping and remote-doping 

schemes featuring different doping concentrations.  
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2.2 Sample Design 

One multi-layer InAs/GaAs QD heterostructure was used in this SCM experiment to 

characterize doping incorporation in QD heterostructures. The structure includes six 

single QD layers with different doping schemes and doping concentrations. A thick (1 

μm) GaAs cap layer was grown on top of the structure to protect the QD layers from 

damage during the cleaving process. A schematic diagram of the heterostructure for the 

six QD layers is shown in Figure 2.1. The bottom three dot layers were directly-doped in 

the InAs QDs, while the top three dot layers were remotely-doped over 4 nm thickness in 

the GaAs spacer at 2 nm above the InAs QD layer. The nominal doping concentrations 

for both the bottom and top three QD layers are 12, 6, and 2 electrons per dot, from 

bottom to top, respectively. 

 

Figure 2.1 Schematic diagram of the InAs/GaAs QD heterostructure used for SCM study. 
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2.3 Experiment Setup 

A typical SCM apparatus is shown in Figure 2.2. A miniaturized metal-oxide-

semiconductor (MOS) structure is formed by a conductive tip, surface oxide layer, and 

semiconductor below the oxide. A DC bias modulated by a small AC voltage applied 

between the tip and the sample induces changes in capacitance (dC/dV), which reflects 

local carrier concentration variation in the sample at different regions.  In a given sample, 

the characteristic C-V curve is distinct in different regions due to different carrier 

concentration and material properties of the local area. A typical CV curve is shown in 

Figure 2.3. Ideally, the DC bias of an SCM scan is set to be the flatband voltage, where a 

maximum slope on the CV curve can be obtained. Therefore, the AC modulation voltage 

can induce maximum capacitance response under such DC bias voltage.  

 

 

 

 

 

 

 

 

 

 

Figure 2.2 System drawing of a generic SCM apparatus. 
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Figure 2.3 A typical CV curve shown for a MOS structure.  
 

The cross-sectional SCM measurements were carried out on the sample surface 

area, using a native oxide on the sample surface as a thin insulator layer.58 Doped-

diamond-coated n-type Si cantilevers (Veeco MPP-21150) with 25 nm radius of 

curvature and a spring constant of 3 N/m were used under contact mode scanning. The 

measurements were performed under dark conditions to avoid generating excess photo-

activated carriers. The scan is in dC/dV mode with a 2 V DC bias voltage and a 0.15 V 

AC modulation voltage with 45 kHz modulation frequency.  

It is worth mentioning that the surface states at the semiconductor-oxide interface 

flatten the characteristic C-V curves, thereby reducing the SCM signal and contrast. In 

addition, the resolution of the SCM image is limited by the convolution of the tip and the 

stray capacitance between the sample surface and the SCM tip. In general, the resolution 
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of the SCM image is lower than that of the AFM image due to the above mentioned 

factors. It is important to note that the magnitude of the SCM signal measured in dC/dV 

mode should be inversely proportional to the free carrier concentration in the region, i.e., 

bright regions correspond to low-doped areas and dark regions correspond to high-doped 

areas.53 However, depending on the sample surface and scanning conditions, a 

phenomenon known as contrast reversal can occur. This SCM artifact will be discussed in 

detail with respect to Figure 2.6. 

After MBE growth, the SCM sample was cleaved and etched for 15 seconds using 

1:40 (volume) hydroxylamine (30 % wt.) and H2O2 (35 % wt.).59 The etching rate for 

InAs QD layer (less than 1 nm/s) is lower than the etching rate for GaAs spacer (about 2 

nm/s). Therefore the InAs QD layer is higher than the GaAs spacer on the etched 

heterostructure cross section. An ohmic contact was formed between the cross-sectional 

etched sample and a gold plated Si substrate using melted indium dot at 300 °C. The 

experiment setup is shown in Figure 2.4.  

 

 

  

 

 

 

 

 
Figure 2.4 SCM experiment setup for cross sectional QD sample.  
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2.4 Results and Discussion 

Figure 2.5 shows a tapping mode AFM image (2x2 μm2) of the etched cross-

sectional surface of the QD heterostructure, and the cross-sectional height profile along 

the dashed line shown in the AFM image. The contrast in the cross-sectional AFM image 

results from the different etching rates between InAs and GaAs, with the bright areas 

corresponding to InAs and the dark areas corresponding to GaAs. The InAs QD layers 

and the 120 nm GaAs barrier layers are observed clearly from the AFM image. However, 

it is important to note that the bottom GaAs buffer layer appears to have a different 

etching rate compared to the subsequent GaAs barrier layers. This difference in contrast 

could be due to the presence of the Al0.5Ga0.5As marker layer, which could have some 

impact on the etching rate of the GaAs buffer layers. 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 2.5 Cross-sectional AFM image of etched QD heterostructure with height profile 
of the surface along the dashed line.  
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Figure 2.6 (a) shows the cross-sectional SCM image of the InAs/GaAs QD 

heterostructure, as well as the measured SCM signal collected along the dashed line in 

the SCM image. The QD layers in Figure 2.6 (a) have been identified by comparison to 

the cross-sectional AFM image of Figure 2.5 and are indicated by arrows. It is important 

to bear in mind that in the case of remote doping, electrons in the GaAs spacer layer 

transfer to the nearest InAs QD layer since the InAs QDs provide the lowest available 

energy states. As a result, for both direct-doping and remote-doping cases, the QD layers 

have higher free electron concentration than the surrounding GaAs barrier layers.  

 

(a) 

          

(b) 
Figure 2.6 a) Cross-sectional SCM image of etched QD heterostructure with SCM signal 
profile along the dashed line, b) Calculated bandstructure obtained from 3D effective-
mass Schrödinger–Poisson method using the Nextnano3 semiconductor nanostructure 
simulation package.60 The QD layers in both a) and b) are lined up to each other.  
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Therefore, Figures 2.5 and 2.6 clearly demonstrate that the bright SCM regions 

correspond to QD layer positions, where high doping is expected, and the dark SCM 

regions correspond to GaAs barrier positions, where low doping is expected. This 

contrast (i.e. bright SCM for high doping and dark SCM for low doping) is contrary to 

the behavior expected from SCM measurements conducted in the dC/dV mode.  The 

contradiction can be explained by contrast reversal, where the magnitude of the SCM 

signal is proportional to the free electron concentration in the corresponding region. In 

addition, the Fermi level of InAs is pinned above the conduction band edge at InAs 

surface, while the Fermi level of GaAs is pined in the middle of the bandgap due to the 

surface effect. This leads to higher electron concentration in the InAs region. However, 

the surface pinning effect alone is not sufficient to explain the intensity difference 

between different InAs layers. In order to understand the intensity difference, one has to 

consider the band bending effect due to doping in GaAs region, that will be discussed in 

detail in the discussion of Figure 2.6  

There are two primary effects leading to contrast reversal in dC/dV SCM images, 

namely, surface defects and doping concentration. Both of these effects can combine to 

flatten the C-V curve measured in low-doped regions so severely that the measured curve 

becomes inverted, resulting in contrast reversal.61-63 While this artifact is undesirable, it is 

not always possible to choose measuring conditions, especially the dc voltage, to avoid 

the contrast reversal effect.61 Surface defects resulting from surface roughness and low 

quality surface oxides strongly indicate the occurrence of contrast reversal in SCM 

measurements.62 Compared to conventional Si oxides, such surface defects are much 
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more likely to occur in the native GaAs oxide used in this experiment due to the height 

variation of the sample cross section resulting from the selective etching, and due to the 

high surface state density of semiconductor-oxide interface trapping charges in the GaAs 

oxide. The doping concentration below which contrast reversal occurs in low-doped 

regions is 1017 /cm3.61 This turning point is consistent with the sample heterostructure in 

which the undoped GaAs barrier layers have extremely low free carrier concentrations 

(1014 /cm3) and the InAs QD layers have doping concentrations 5x1017 /cm3.  The carrier 

concentration in different InAs QD layers can be estimated by integrating the area 

beneath the SCM signal and using the doping concentration in the 6th InAs QD layer as a 

reference of 2 electrons/dot (4x1017 /cm3). The estimated carrier concentrations are 2.6, 

5.6, 9.2, 11, 6.4, and 2 electrons/dot, comparing to intended doping concentrations of 12, 

6, 2, 12, 6, and 2 electrons/dot. The carriers in the direct-doped region are redistributed 

due to the bandbending, and the carriers in the remote-doped region are not affected.  

Therefore, the SCM image demonstrates contrast reversal and shows the strongest 

signal for QD layer 4 (12 electrons/dot, remote doping), followed by QD layers 3 (2 

electrons/dot, direct doping) and 5 (6 electrons/dot, remote doping). The same features 

are observed consistently in several scans at different locations. However, the strong 

SCM signal which appears at the position of QD layer 3 conflicts with the lower doping 

concentration of 2 electrons/dot. This contradiction suggests electron redistribution may 

exist in this structure. In order to verify electron redistribution in the sample, the band 

structure was calculated from the three-dimensional (3D) effective-mass Schrödinger–

Poisson method using the Nextnano3 semiconductor nanostructure simulation package,60 
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as shown in Figure 2.6 (b). It is important to note that while Nextnano3 is a powerful 

simulation tool that can provide qualitative analysis of QD heterostructures under certain 

assumptions, it is not yet possible to calculate the dark current in 3D semiconductor 

devices, since the 3D current calculation have not yet been fully implemented in the 

program.  

The structural and doping information used in the calculation are based on the 

parameters of the actual sample. In the calculation, the InAs QD has a dome shape, a 

height of 6 nm, and a base diameter of 25 nm. The doping position was also specified 

according to the actual doping position, either direct doping in the QD layer or remote 

doping in the GaAs barrier for corresponding QD layers. The doping concentration was 

determined in such a way that the QD in each layer can have 2, 6, or 12 electrons, 

respectively, according to the actual sample configuration. The simulated band structure 

shows that a large band bending occurs at the remote-doping position with the highest 

doping density. A significant band bending (210 meV) originates from QD layer 4, 

thereby pulling down the conductive band edge of nearby QD layers (layers 3 and 5). As 

a result, the electrons in this multilayer QD heterostructure are relocated at the QD layers 

with lower conduction band energy. Therefore, the electrons originally provided by the 

higher doping concentration in the direct doping layer (12 electrons in the QD layer 1 and 

6 electrons in the QD layer 2) are relocated at QD layer 3, with the lowest conduction 

band energy. This interpretation is consistent with the SCM image, which shows 

strongest signal and highest electron concentration in QD layer 3. 
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Thus, the SCM image and the corresponding band structure calculation lead to a 

better understanding of doping in QD structures. Namely, electrons provided by direct 

doping in QDs can be relocated easily due to band structure changes, and such transport 

may be one of the sources of dark current in QDIPs. Therefore, the cross-sectional SCM 

technique could be very important in optimizing the doping techniques used during MBE 

growth of QDIPs in order to enhance device performance. 

 

2.5 Summary 

Thus, by characterizing QD heterostructures featuring direct- and remote-doping 

schemes with different doping concentrations, a unique picture of dopant incorporation in 

QDs has been obtained experimentally using the SCM technique. Electron redistribution 

has been observed due to the band-bending in the remote-doping region. A calculated 

bandstructure has been used to verify the experimental results, leading to better 

understanding of doping in QD structures. Such information is extremely important in 

optimizing the doping techniques used during MBE growth of QDIPs in order to enhance 

device performance.  
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Chapter 3 Polarization-Dependent Fourier Transform 
Infrared Spectroscopy of QDs  

 

3.1 Background of Fourier Transform Infrared Spectroscopy  

The intraband transition in QDs can be experimentally observed by a variety of 

techniques, such as IR photocurrent spectroscopy,5,9,64-67 photoinduced IR 

spectroscopy,68,69 and direct Fourier transform infrared spectroscopy (FT-IR) 

absorption.70,71 Direct FT-IR absorption is the most efficient approach to enable accurate 

determination of intraband transitions in QDs as complicated mechanisms are involved in 

the other two techniques. For example, the transitions for electrons and holes generated 

by optical pumping are both involved in the photoinduced IR spectroscopy, and 

sophisticated charge transport mechanisms in the QDIPs are involved in photocurrent 

spectroscopy. Those mechanisms may make the interpretation of the experimental results 

more complicated. Importantly, bound-to-continuum (B-C) and bound-to-bound (B-B) 

transitions can be differentiated in FT-IR spectral response measurements by considering 

the spectral linewidth, Δλ/λpeak, where Δλ is the full-width half-maximum (FWHM) 

linewidth. For spectral linewidth ≥ 0.3, the spectral response is generally believed to be 

due to B-C transitions as opposed to B-B transitions (linewidth < 0.3).5  Thus, the direct 

FT-IR absorption method is used to probe intraband transitions in this work.   

An important contribution of my research is the development of a direct and 

convenient technique to use FT-IR spectroscopy to probe intraband electronic structures 
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in QD ensembles by polarization-dependence. While polarization-dependent FT-IR 

absorbance measurements are routinely used to evaluate quantum well materials, for 

example, the unique approach described herein is the development of an algorithm to 

extract the QD absorbance signal, which is notoriously difficult to measure due to the 

small QD volume percentage in the entire sample. By using the polarization-dependent 

FT-IR algorithm, distinct absorbance spectra have been obtained for QD samples with 

incident light in the lateral and surface normal directions. This enhancement of QD 

absorbance spectra has enabled an investigation of the charge filling process and the 

electronic structure in QDs. A systematic study has been performed by changing both 

doping concentration and doping method (i.e. delta-doping and modulation-doping) using 

six samples. Three doping concentrations are used to give nominal doping concentrations 

of 1, 2, and 3 electron(s) per dot (dot density = 1x1011 dots/cm2) for both modulation-

doping and delta-doping methods.  

 

3.2  Samples for Fourier Transform Infrared Spectroscopy Measurement 

In order to increase the total absorption of IR beam, multiple QD layers are used 

in the QDIP device structures. A 30-layer QDIP heterostructure is used for this study.   A 

schematic diagram of the QDIP heterostructure is shown in Figure 3.1.  From the 

substrate up, the heterostructure consists of: i) a 500 nm n-type (Si, 2 x 18/cm3) GaAs 

bottom contact layer, and a 50 nm GaAs buffer layer, ii) 30 period InAs/GaAs quantum 

dot structure including 2.2 monolayer (ML) InAs QDs, 6 nm GaAs cap layer, n-type 

doping (either delta-doping or modulation doping) layer, and 40 nm or 44 nm intrinsic 
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GaAs barrier layer, iii) 200 nm n-type (Si, 2 x 18/cm3) GaAs top contact layer. In order to 

keep the spacing between neighboring QD layers constant (50 nm), the thickness scheme 

(GaAs cap / doping region / GaAs barrier) for modulation-doping and delta-doping is (6 

nm / 4 nm / 40 nm) and (6 nm / ~ 0 nm / 44 nm), respectively. The doping concentration 

of the remotely doped layer is varied for nominal carrier occupations of 1, 2, and 3 

electron(s)/dot for both delta-doping (over 0 nm) of GaAs and modulation-doping  (over 

4 nm of GaAs), as shown in Table 3.1. In order to perform I-V measurement, the as 

grown samples were fabricated into vertical devices by mesa-etching and metal 

evaporation of top and bottom ohmic contacts [Ge(400Å)/Au(800Å)/Ni(340Å)/ 

Au(3500Å)]. Both the top and bottom contacts were annealed at 400 ºC for 30 seconds.  

 

 

Figure 3.1 Heterostructure of 30-layer QDIP structure.  
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Table 3.1 Doping concentrations used in MBE growth of InAs/GaAs QDIPs featuring 
delta- and modulation-doping schemes. 
 

Modulation Doping Delta Doping 

3.3x1017 cm-3 1.3x1011 cm-2 

5x1017 cm-3 2x1011 cm-2 

7.5x1017 cm-3 3x1011 cm-2 

 

3.3 Polarization-dependent Spectra Processing Algorithm 

The polarization-dependent characteristic of QD absorption results from three-

dimensional quantum confinement. Since QDs can participate in optical dipole transitions 

in any direction, the anisotropy of QDs grown by strained-layer epitaxy differentiates 

absorption for radiation polarized in-plane (X-Y-direction) and out-of-plane (Z-direction). 

The distinguishing aspect of this work is that a signal processing algorithm has been used 

to evaluate randomly-, s-, and p-polarized single-beam FT-IR spectra to extract 

InAs/GaAs QD absorbance in the X-Y and Z-directions. This is in contrast to the typical 

approach in which s-type (X-Y-direction) and p-type (50% X-Y-direction, 50% Z-

polarization) absorbance are compared.72,73 Therefore, the polarization-dependent method 

used in this research can successfully separate the absorption strength in the growth 

direction (Z-direction) or within the growth plane (X-Y plane), while the traditional 

approach can only extract a mixed absorption strength using p-type absorbance. This 

unique approach is important in that it more accurately represents the energy level 
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transitions in QDs and permits a less ambiguous correlation between observed 

absorbance peaks and carrier occupation in QDs. Thus, using this approach, QDIPs 

grown by MBE featuring different doping schemes have been investigated to determine 

how the QD absorbance peak varies as a function of incident light polarization and 

sample temperature. The results presented below compare samples with varying 

modulation-doped carrier concentrations.  

The InAs/GaAs QDIP samples were prepared in a multi-pass, waveguide 

geometry featuring polished facets (45º) at either end to enable lateral-incidence, 

polarization-dependent FT-IR absorbance measurements. Figure 3.2 (a) shows a 

schematic diagram of the FT-IR experimental set-up. The IR source from a 

ThermoElectron Nexus FT-IR spectrometer supplies an external beam that is polarized 

by a polarizer (P) (according to the algorithm described below) and focused by a convex 

lens (L1) onto the 45 ° facet of the QDIP sample, which is mounted in a Janis single-

stage, optical cryostat. The transmitted IR beam is focused onto an external HgCdTe 

detector by two convex lenses (L2 and L3), and the external detector is coupled to the 

FT-IR spectrometer. Figure 3.2 (b) shows a schematic diagram of the QDIP, multi-pass 

waveguide, demonstrating the propagation of a randomly-polarized incident beam 

through the sample. Incident light can be polarized in either the s- or p-directions, and the 

corresponding transmitted light is also s- or p-polarized. For an s-polarized IR beam, the 

electric field polarization is perpendicular to the incidence plane, which is defined by the 

incidence beam and the surface normal of the sample. For a p-polarized IR beam, the 

electric field polarization is parallel to the incidence plane. Therefore, given the 
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waveguide geometry of the QDIP sample, the oscillating electric field of the s-polarized 

light lies in the X-direction, while the electric field of the p-polarized light has 

components in both the Y- and Z-directions. X-Y polarization will be used to represent 

the case when the polarization lies in the QD plane, while Z polarization will be used to 

represent the case when the polarization lies in the Z-direction (growth direction for the 

samples).  

The corresponding X-Y- and Z-polarized FT-IR absorbance spectra are obtained 

according to the following algorithm. Absorbance is defined as 

( )TA 10log−= ,     (1) 

where 
)(

)(

O

T
I

IT =  is the transmittance, )(TI  is the transmitted intensity through the 

sample, and )(OI  is the incident intensity on the sample 74. I(T) and I(O) are assumed to be 

randomly-polarized. The QD absorbance spectrum for s-polarized light, for example, can 

be expressed as  
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where ST  is the transmittance for s-polarized light, ( )TSI  is the transmitted intensity for s-

polarized light, and )(OSI  is the incident intensity for s-polarized light. In order to remove 

the absorbance due to instrument, substrate, and free carriers, which is polarization 

independent due to the isotropic nature of these bulk materials, ( )TSI  is obtained by  

)()()( TPTTS III −= ,                                                    (3) 
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where )(TPI  is the transmitted intensity through the sample waveguide for p-polarized 

light. Thus, by using the polarization dependence of QD absorption, an ideal background 

signal ( )(TPI ) is subtracted, thereby accounting for shared components in the sample, 

beam path, and atmosphere. After extracting the absorbance spectrum for s-polarized 

light, )(SA , using equations (2) and (3), the absorbance spectrum for p-polarized light, 

)(PA , is extracted in a similar fashion. As the electric field of s-polarized light lies in the 

X-Y plane, the absorbance for s-polarized light, )(SA  can be expressed as X-Y absorbance, 

)( YXA − . The p-polarized light has 50% intensity in the Z-direction and 50% intensity in 

the X-Y plane due to the 45º incidence configuration. Therefore, the p-polarized 

absorbance, ( ) ( )

22)(
ZYX

P

AA
A += − , has components of )( YXA − , the X-Y absorbance, and 

)(ZA , the Z absorbance. According to above analysis, the Z absorbance can be determined 

by )()()( 2 YXPZ AAA −−= . Thus, this polarization dependent FT-IR measurement enables 

the determination of X-Y and Z absorbance in QDs and provides more detailed 

information about dopant incorporation in QDs.  
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Figure 3.2 The experimental set-up of the FT-IR absorption measurement (L1, L2, L3 – 
convex lenses; P – polarizer). (b) Schematic diagram of sample waveguide geometry and 
light polarization of incident and transmitted beams; note the electric field of s-polarized 
light lies in the X-direction (QD plane), and the electric field of p-polarized light has 
components in both the Y- (QD plane) and Z- (growth) directions. 
 
 

3.4 Absorption Spectra Obtained by Fourier Transform Infrared 
Spectroscopy 

 

As a general comment for all of the polarization-dependent FT-IR absorbance 

spectra, it is important to note that the noise in the FT-IR spectra is due to the high 

resolution (low scan step) of the measurement and subsequent spectra subtraction. The 

fine resolution is used to increase the accuracy of the observed absorbance shifts. In 

addition, the peak energy values are determined using the peak finding tool in Origin 

software in order to provide an accurate determination. Finally, it is also important to 
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note that the trends in the absorbance peak values are the most important results of these 

measurements as opposed to the specific peak values, and these trends are clearly 

observed. Figure 3.3 shows the extracted X-Y- and Z-polarized QD absorbance spectra 

for modulation-doping concentration of one electron per dot at 150 K. The temperature 

150 K is used for a practical reason, since 150 K is a bench mark temperature to use 

thermoelectric cooling to replace LN2 dewar for IR photodetector cooling. In both 

spectra, sharp and distinct peaks are observed at 91.6 meV and 97.0 meV for X-Y and Z 

polarizations, respectively, due to intraband absorption in the InAs/GaAs QD conduction 

band. The residual CO2 peak results from a slight change in the ambient CO2 

concentration during the experiment.. The X-Y- and Z-polarized QD absorbance peak 

energies for modulation-doped carrier concentrations of one-, two-, and three-

electrons/dot at 150 K are compared in Table 3.2.  

 

Figure 3.3 X–Y- and Z-polarized FT-IR absorbance spectra measured at 150 K for 
InAs/GaAs QDIP sample with nominal doping concentration of one-electron per dot by 
modulation-doping scheme. The spectra are plotted on linear scale. 
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Table 3.2 FT-IR absorbance peak energy (meV) in modulation-doped InAs/GaAs QDIPs 
at 150 K 
 

 

 

In general, the Z-polarized peak energy experiences a blue-shift compared to the 

X-Y-polarized peak. This blue-shift ranges from 0.9 to 5.4 meV, and is larger than the 

FT-IR measurement resolution (~0.2-0.6 meV). The corresponding wavelength ranges 

from 13.5 μm to 14.6 μm (for X-Y polarization), and 12.8 μm to 14.5 μm (for Z- 

polarization), when the doping concentration is changed from one- electron per dot to 

three- electrons per dot. In addition, the Z-polarized absorbance peak is more intense 

compared to the X-Y-polarized absorbance peak. Similar observation was made by Aslan 

et al. using spectral response measurement 75. These trends are expected since the QD is 

subject to stronger quantum confinement (and larger energy separation) in the Z-direction 

due to smaller dimensions. It is important to note that for both X-Y- and Z- polarized 

absorbance spectra, an additional peak is observed at 405 meV featuring similar peak 

position, shape, and intensity. Due to the large transition energy and negligible peak 

variation with respect to polarization, it is unlikely that the 405 meV peak is associated 

with the QD. Instead, it is most likely this peak is associated with a donor complex (DX) 

defect center resulting from Si-doping of GaAs, and this will be discussed in more detail 

in Chapter 4.  
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The polarization-dependent QD absorbance is further evaluated by considering X-

Y-absorbance (corresponding to normal-incidence) for increasing carrier concentration.  

In Figure 3.4, the X-Y-polarized absorbance spectra for nominal carrier occupations of 

one-to-three electrons/dot at 150 K are normalized for side-by-side comparison. It is 

important to note that the doping concentrations corresponding to one, two and three 

electron(s) per dot are sufficient to fill different energy levels in a single quantum dot 29. 

The low-energy side of the QD spectra is limited by the cut-off wavelength of the FT-IR 

detector (~15μm for MCT). Nonetheless, differences in the peak shape, width, and 

position are clearly observed. The spectra demonstrate a red-shift with increasing 

modulation-doped carrier concentration (also observed in Table 3.2 for Z-polarized 

absorbance). One possible interpretation of the observed red-shift involves the formation 

of an electronic miniband in the QD plane (X-Y directions). The red-shift of the QD 

absorbance peak occurs as the ground state miniband is filled by increasing electron 

occupation. An overall red-shift in the absorption coefficient with increasing doping 

concentration has been predicted for minibands formed by multiple quantum wells 76. 

This view of the QD ensemble also helps explain the slight blue-shift from X-Y- to Z-

polarized absorbance peak energies since transition levels within the miniband are 

selected according to electronic state symmetry and incident radiation polarization. 

Another factor that must be considered is the strength of transitions across the miniband. 

The present interpretation assumes the optical dipole is equally strong within each QD in 

a given plane.  
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Figure 3.4 Normalized X–Y-polarized FT-IR absorbance spectra (150 K) for QDIP 
samples with nominal doping concentration of one-, two-, and three-electron(s) per dot. 
The spectra are plotted on linear scale. 

 

3.5 Summary 

In summary, polarization-dependent FT-IR spectroscopy has been used to 

successfully isolate QD absorbance spectra for X-Y- and Z-polarizations, as opposed to 

traditional s-, and p- FT-IR absorption spectra which show mixed X-Y- and Z- 

absorbance. These QD spectra have been correlated with carrier doping concentrations in 

InAs/GaAs QDIP heterostructures grown by MBE. The red-shift of QD absorbance peaks 

with increasing electron occupation support an electronic configuration in which 

miniband states are induced in the QD ensemble by lateral coupling. This insight into the 

charge filling of high-density QD ensembles is important in that determining the 

appropriate doping level could provide control over the spectral response of QDIPs. 
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Further studies are required to determine optimized growth techniques for controlling 

charge-filling of laterally-coupled QD ensembles, such that the spectral response can be 

controlled more effectively in QDIPs.  
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Chapter 4 Donor-complex (DX) Centers in QDIPs 
 

4.1 Background of Donor-complex (DX) centers 

Doping is very important to the application of QDIPs; however, it is widely 

known that n-type dopants can behave like deep level defect centers in many III-V77-79 

and II-VI80,81 compound semiconductors, and these are known as donor complex (DX) 

centers. DX centers are induced by lattice relaxations caused by dopant atoms, and the 

presence of DX centers can reduce the effective carrier concentration in a sample. The 

formation of DX centers involves a donor atom (D) plus an unknown (X) defect,47 but the 

exact formation mechanism for DX centers is still not very clear. It is clear, however, that 

a transition from the deep level center to the shallow donor level can occur when 

electrons are thermally or optically excited.82 

Typically, dopant-induced DX centers in III-V compound semiconductors exist 

deep within the bandgap.83-85 These DX centers are common in AlxGa1-xAs alloys with 

4.02.0 ≤≤ x and typically exhibit a large donor activation energy and a strong 

dependence of conduction on optical radiation. The schematic representation of the 

relevant energies of the DX center, and the DX center representation in the configuration 

coordinate diagram proposed by Lang et al.,86 are shown in Figure 4.1 (a) and (b).  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
Figure 4.1 (a) Energy barrier for intrinsic capture energy (Ec), thermal emission energy 
(EE), and optical ionization energy for a typical DX-center in AlxGa1-xAs. (b) Schematic 
configuration coordinate diagram of the center.    
 

First, the energies associated with the typical DX center in AlGaAs are described. 

The thermal capture activation energy, EC, is defined as the energy barrier that electrons 

in the conduction band must overcome to occupy the DX center. The thermal emission 

activation energy, EE, is defined as the energy needed to surmount the barrier between 
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bound electrons in the DX center and free electrons in the conduction band. The optical 

ionization energy, EO, is defined as the energy required to optically ionize trapped 

electrons in DX centers to the Г valley of the semiconductor such that the electrons can 

relax to the conduction band minimum. The physical meaning of the configuration 

coordinate diagram is described in the configuration coordinate diagram. The 

configuration coordinate diagram represents the Г valley of a bulk compound 

semiconductor with (coordinate QR) and without (coordinate 0) a lattice relaxation defect. 

The displacement of the two gamma valleys in the x-direction represents the 

displacement between a relaxed Si atom (coordinate QR) and the original Ga atom 

position (coordinate 0) it replaces. The displacement of the two gamma valleys in the y-

direction represents the energy difference between the relaxed Si atom and the original 

Ga atom in AlGaAs. It can be noted that the energy of the relaxed Si atom is lower than 

the original Ga atom in AlGaAs. Therefore it is stable for Si-induced defect to relax in 

such a configuration. 

In contrast to the AlGaAs case, Si-induced DX centers in GaAs have multiple, 

metastable states above the GaAs conduction band edge83,84 A conduction band energy 

diagram for DX centers in GaAs and the corresponding optical ionization process are 

shown in the schematic diagram of Figure 4.2 (a). DX centers in Si-doped GaAs have a 

metastable resonant level, EDX, lying above the Г-valley band edge, Eg
Г.83 The energy 

difference between EDX and Eg
Γ is 170 meV in Si-doped GaAs.83 The emission energy, 

EE is 330 meV in Si-doped GaAs.83 The energy configuration coordinate diagram for the 

DX center in GaAs is depicted in Figure 4.2 (b). In the configuration coordinate diagram, 



 

44

QR represents the displacement of a DX center Si atom removed from the original gallium 

position. Therefore the associated energy diagrams of the original gallium position and 

the Si DX center position can be represented in the configuration coordinate diagram. It 

is important to note that, in contrast to the case for AlGaAs, the DX center Γ-valley is 

above that for GaAs, leading to the metastable state above the conduction band edge. 

 

 

 

 

 

(a) 
 

 

 

 

 

 

 

(b) 
Figure 4.2 Conduction band energy diagram of DX-like center in Si-doped GaAs 
showing proposed optical ionization energy observed by polarization dependent FT-IR 
absorbance (EO ~ 405 meV). Shaded area shows region where phonon-assisted optical 
ionization can occur. (b) Configuration coordinate diagram showing the energies 
characterizing the DX center level. 
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DX centers, which behave like an electron (hole) trap center when ionized, 

28,46,50,87-91 have also been found in InAs/GaAs QD systems. Therefore, resolving the 

doping issue in QDIPs is further complicated by the presence of DX centers that affect 

energy level occupation and carrier transport in multi-layer QDIPs. It has been suggested 

that defect-assisted, sequential resonant tunneling in Si-doped, InAs/GaAs QDIPs results 

in higher dark current, lower activation energy, and lower operating temperature than that 

predicted theoretically50,83,84 (see Chapter 1). However, as discussed above, Si-induced 

DX centers in GaAs have multiple, metastable states above the GaAs conduction band 

edge92, thereby reducing the feasibility of sequential resonant tunneling from InAs QD 

states deep within the GaAs bandgap. Yet, these metastable states can be occupied by 

electrons that are energized by an external field.83,93 Therefore, the transport mechanisms 

that enable the observed reduction in QDIP activation energy might be related to DX 

center energy levels in the QD heterostructure.   

As noted in Chapter 3, the polarization-dependent FT-IR absorbance measurements 

of doped InAs/GaAs QD samples yielded absorbance peaks at 405 meV, as shown in the 

FT-IR spectra of Figure 4.3. The absorbance peak observed at 405 meV corresponds to 

the optical ionization energy for a DX center in Si-doped GaAs. The shaded area in 

Figure 4.2 schematically represents the range over which phonon-assisted, optical 

ionization transitions can occur. This phonon-assisted optical ionization mechanism is 

responsible for the linewidth broadening observed in the DX center absorbance peak at 

405 meV. It is important to note that while some experiments have obtained EO = 1-1.44 

eV in Si-doped GaAs94,26 corresponding to a large-lattice-relaxation (LLR) model for DX 
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center formation,95 a small-lattice-relaxation (SLR) model for DX center formation has 

also been proposed 96-95,97 and experimentally verified,37,98,99 demonstrating an optical 

ionization energy on the order of EE. Thus, according to our polarization-dependent 

absorbance measurements, the observed DX-like center demonstrates an optical 

ionization energy corresponding to the SLR model. The FT-IR spectra the reveal the DX 

center nature of the peak at 405 meV are discussed in the following section. 

 

4.2 Observation of DX Centers in InAs/GaAs QDs by Polarization-
Dependent FT-IR   

 
As a result of polarization-dependent FT-IR absorbance measurements in 

InAs/GaAs QDs (Chapter 3), an unexpected peak was observed at 405 meV, as 

shown in Figure 4.3. This peak energy is greater than the energy range of QD 

intraband absorption100-102. In addition, this peak exhibited properties consistent with 

those of DX centers in Si-doped GaAs: i) spherical symmetry, ii) thermal activation 

of trapped carriers with increasing temperature, and iii) dependence of DX center 

concentration on doping concentration and doping scheme. In addition, through QDIP 

dark current measurements, these DX centers were observed to affect QDIP 

performance. Choi et al.103 proposed that DX centers deteriorate the performance of 

quantum well infrared photodetectors (QWIPs) due to persistent photoconductivity. 

Thus, it is part of the goal of my dissertation research to elucidate the important 

influence of DX centers on dark current in InAs/GaAs QDIPs.  

Figure 4.3 shows that for both X-Y- and Z-absorbance spectra, an additional peak 

at 405 meV is observed with similar peak position, peak shape, and peak intensity. 
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These similarities at 405 meV for X-Y- and Z-polarization indicate a spherical 

symmetry of the absorption center. This spherical symmetry is consistent with the 

tetrahedrally symmetric ‘breathing mode’ around deep-level impurities proposed by 

Chadi.100,104 The spherical symmetry of DX centers is also supported by the 

experimental results reported by Peale et al.20 showing the absence of dichroism for 

DX transients in Te-doped AlGaAs.  

 
Figure 4.3 X-Y- and Z-polarized FT-IR absorbance spectra measured at 150 K for InAs/GaAs QDIP sample with nominal doping concentration of 1 electron/dot by modulation-doping scheme. The spectra are plotted on linear scale.  

Another important signature of DX centers is that trapped electrons can be thermally 

activated.105 In order to verify the thermal activation of the absorption centers, 

temperature-dependent X-Y-absorbance spectra are shown in Figure 4.4 for samples with 

doping concentration of 2 electrons/dot for (a) delta- and (b) modulation-doping. The 

peak at 405 meV appears at 80 K, 110 K, and 150 K, but disappears when the 

temperature increases to 200 K, indicating that electrons are released from DX center 
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Figure 4.3 X-Y- and Z-polarized FT-IR absorbance spectra measured at 150 K for 
InAs/GaAs QDIP sample with nominal doping concentration of 1 electron/dot by 
modulation-doping scheme. The spectra are plotted on linear scale.  
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traps by thermal ionization at higher temperatures. It is important to note that the delta-

doped samples show increasing absorbance base line from 200 to 500 meV, while the 

modulation-doped samples exhibit essentially flat baselines. This difference is most 

likely due to free electron absorption in the 2-D electron gas formed by delta-doping. It is 

also interesting to note the slight red-shift in the QD absorbance peak with increasing 

temperature, which may be attributed to the occupation of higher energy QD ground 

states within the ensemble due to increased thermal energy.  
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Figure 4.4 X-Y-polarized FT-IR absorbance spectra measured at 80 K, 110 K, 150 K, 200 
K, and room temperature for InAs/GaAs QDIP samples with nominal doping 
concentration of 2 electrons/dot by (a) delta-doping and (b) modulation-doping schemes 
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Figure 4.5 X-Y-polarized FT-IR absorbance spectra measured at 150 K for samples with 
nominal doping concentrations of 1, 2, and 3 electron(s)/dot by (a) delta-doping and (b) 
modulation-doping schemes. 
 

Figure 4.5 shows X-Y-polarized absorbance spectra of the 405 meV peak for 

different doping concentrations using (a) delta- and (b) modulation-doping schemes at 

150 K plotted on the same scale. The doping concentration does not strongly influence 

the peak magnitude of delta-doped samples, while the peak magnitude does significantly 

increase with increasing doping concentration in modulation-doped samples. This doping 

concentration dependence of the absorption center peak magnitude is a third signature 

characteristic of DX centers. Etienne and Thierry-Mieg106 have proposed that DX centers 

disappear in heavily delta-doped AlGaAs since the inhomogeneous stress caused by a 

large number of planar Si dopant atoms may limit localized lattice distortions responsible 

for the formation of DX centers. Thus, the density of DX centers does not increase 

rapidly with increasing delta-doping concentration, and can actually decrease for very 

highly delta-doped concentrations. In contrast, the density of DX centers does increase 

rapidly with increasing modulation-doping concentration since the increasing Fermi 
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energy level serves to stabilize the DX center and promotes increased electron trapping at 

the defects107,108.  

Temperature-dependent dark current density measurements at 50 K, shown in Figure 

4.6, have been performed for fabricated devices of the six QDIP heterostructures 

described in Chapter 3. As expected, the sample with higher doping concentration has 

higher dark current. In addition, for the same doping concentration, delta-doped samples 

show higher dark current density than modulation-doped samples. This is consistent with 

the FT-IR absorbance spectra observed in Figure 4.5. For delta-doped samples, the DX 

center concentration does not increase proportionally with doping concentration as in 

modulation-doped samples, and the concentration of DX centers in delta-doped samples 

is less than that of modulation-doped samples. Therefore, there are more free electrons in 

delta-doped samples that contribute to the dark current due to less DX center traps. It is 

important to note that the dark current density is large compared to typical InAs/GaAs 

QDIPs; however, this is because no current-blocking AlGaAs layer is included in the 

device heterostructure31. In this way, the effects of dopant incorporation are not masked 

by the current-blocking element. 
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Figure 4.6 Measured dark current density in InAs/GaAs QDIPs with nominal doping 
concentrations of 1, 2, and 3 electron(s)/dot by delta-and modulation-doping schemes. 
 

4.3 The Effect of DX Center on Carrier Transport in QDIPs     

As demonstrated in this section, the existence of DX centers in GaAs influences the 

electronic structure of InAs/GaAs QDIPs through the formation of dipole fields. Thus, 

DX centers have a significant impact on the carrier transport process and dark current in 

InAs/GaAs QDIPs. The studies described in the following two sections 

(photocapacitance, temperature-dependent dark current-voltage, and capacitance-voltage 

measurements) were conducted in order to identify the effect of DX centers on carrier 

transport in QDIPs. All three studies used the same set of devices for investigation. Three 

InAs/GaAs QD heterostructures, each with five QD layers, were fabricated as Schottky 

diodes using lightly doped top contact layers and heavily doped bottom contact layers.  

The Schottky diode configuration was used because a capacitor can be formed for 

capacitance-voltage studies when a reverse bias is applied. The three InAs/GaAs QD 

Schottky diode samples included one undoped, one modulation-doped (over 4 nm of 
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GaAs), and one delta-doped (over ~0 nm of GaAs) samples. The QD remote-doping 

position is 6 nm above the InAs QD layer, and the doping concentration is nominally two 

electrons per dot. The Schottky diodes have one bottom ohmic contact and one top 

Schottky contact [Ti(1500Å)/Pt(750Å)/Au(3500Å)]. The bottom ohmic contact is 

annealed at 400 ºC for 30 seconds, while the top Schottky ring contact is unannealed. A 

schematic diagram of the QD Schottky diode heterostructure is shown in Figure 4.7 (a). 

A microscope image of several QD devices with top and bottom contacts is shown in 

Figure 4.7 (b). 

 

(a) 

 

(b) 
Figure 4.7 (a) Schematic diagram of the InAs/GaAs QD Schottky diode heterostructure 
cross section demonstrating delta- and modulation-doping schemes, (b) A microscope 
image of several QD devices with top and bottom contacts, the diameter of the mesa is 
300 μm).  
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The quenching of photocapacitance with time can be used to detect the existence of  

DX center metastable states.46 Thus, we have conducted a photocapacitance quenching 

experiment in which the QD Schottky diodes are cooled from 300 to 25 K under dark 

conditions and under forward DC bias to keep the DX centers filled with electrons 

injected from the electrode. The applied bias is reversed to -1 V, and the dark capacitance 

of the diode is recorded as Cdark. Upon light incidence through the ZnSe optical window, 

the capacitance experiences an immediate increase due to the optical ionization of 

electrons from QDs and DX centers.  

Figure 4.8 shows the transient photocapacitance per unit device area for all samples. 

No appreciable photocapacitance quenching is observed for the undoped sample (Figure 

4.8 a), while both doped samples demonstrate quenching (Figs. 4.8 b and c). The 

quenched photocapacitance reaches steady-state when the metastable states of the DX 

centers are fully filled. Therefore, the DX center concentration can be estimated from the 

quench in capacitance (i.e. from the peak to steady-state values).  

 

Figure 4.8 Transient photocapacitance per unit area for (a) undoped, (b) deltadoped, and 
(c) modulation-doped QD Schottky diodes at 25 K demonstrating quenching in doped 
devices only. Estimated DX center concentrations are indicated in parentheses. 
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The estimated DX center concentrations for undoped, delta-doped, and modulation-

doped samples are 0 cm-2, 4.1x109 cm-2, and 4.4x109 cm-2, respectively. The modulation-

doped sample has a higher DX center concentration than the delta-doped sample, which 

agrees with the polarization-dependent FT-IR absorbance described in section 4.2.109  

The dark current of the QD Schottky diodes is measured at 35, 80, 100, 150, 200, 250, 

and 300 K under positive bias50 to simulate the dark current in QDIPs, which have top 

and bottom ohmic contacts.  Figure 4.9 shows the measured dark current for the three 

samples in the positive bias region for representative temperatures.  

 

Figure 4.9 Dark current density at T=35, 80, 200, and 300 K measured under positive 
bias to simulate dark current in QDIPs for (a) undoped, (b) delta-doped, and (c) 
modulation-doped QD Schottky diodes. 

 

The dark current of the undoped sample demonstrates a gradual increase with bias 

voltage up to 2.0 V, while the dark currents of the doped samples demonstrate a rapid 

increase from 0.4 V to 0.8 V and saturation of the dark current beyond 0.8 V. It is 
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important to note that a flat, noisy dark current region appears at low temperature (≤ 80 K) 

and low bias voltage (< 0.4 V) due to the Schottky barrier at the top contact. These dark 

current values are neglected in the determination of QD activation energy from Arrhenius 

plots (log Idark vs. 1/T).  

Figure 4.10 shows the QD activation energies as a function of bias voltage for the 

undoped, delta-doped, and modulation-doped QD Schottky diodes. For the undoped 

sample, below 0.5 V, the QD activation energy ranges from 140-160 meV. The QD 

activation energy of the undoped sample decreases with increasing bias beyond 0.5 V to a 

value of approximately 80 meV. This gradual decrease is due to field-assisted  tunneling 

through the triangular potential barrier provided at higher bias voltages.28 In contrast, 

three bias-dependent regions of the QD activation energy can be identified for the doped 

samples, as shown in Figure 4.10.  

 

Figure 4.10 QD activation energy as a function of bias voltage determined from dark 
current Arrhenius plots for undoped (circle), delta-doped (square), and modulation-doped 
(triangle) QD Schottky diodes, demonstrating different bias-dependent transport 
mechanisms for undoped and doped devices. 
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In Region I (< 0.4 V), the QD activation energies are greater than 120 meV, which is 

consistent with the undoped sample and with thermal activation from QD confined levels 

to the GaAs conduction band edge. In Region II (0.4 V to 0.8 V), the QD activation 

energies of the doped samples experience a rapid decrease from 140 meV to less than 15 

meV. In Region III (> 0.8 V), the QD activation energies of the doped samples saturate 

below 15 meV. It is important to note that similar bias-dependence of the QD activation 

energy exists in undoped and directly-doped QDIPs grown by metal-organic chemical 

vapor deposition (MOCVD).84  

The transport mechanism proposed to explain the observed QD activation energy bias 

dependence in the doped samples is now described. Figure 4.11 (a) shows the energy-

configuration coordinate diagram for metastable states of Si-induced DX centers when 

zero (DX+), one (DXo), and two (DX-) electron(s) occupy the defect.92 In general, 

electrons do not have enough energy to occupy the metastable states, however, hot 

electrons can be captured by the defects to form metastable DX- states when an external 

field exceeds a threshold value (~ 4 kV/cm for samples with low doping 

concentration).110,111 For the QD Schottky diodes, a 4 kV/cm field can be reached readily 

by applying a 0.36 V bias voltage. As the field increases with increasing bias voltage, 

electrons can participate in the impact ionization of DX- centers due to the large electron 

drift velocity in GaAs,87,88 thereby converting the DX- state into DXo and DX+ states. 

Figure 4.11 (b) shows the conduction band energy diagram of the QD active region, as 

well as the Si dopant and DX center metastable state energy levels. As shown in Figure 

4.11 (c), a dipole field can form between the DX+ center and an electron confined in a 
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nearby QD by Coulomb interactions.112,113 This dipole field can modify the local band 

structure87 and change the electron emission energy from the QD.87,112,113 The dipole field 

can be as strong as ~ 30 kV/cm in GaAs for an average dipole displacement of 6 nm, as 

expected from the diode heterostructure. When the electrostatic dipole potential is 

superimposed on the QD potential, a band discontinuity occurs at the InAs QD-GaAs 

barrier interface, thereby reducing the QD potential barrier.85 As a result, the electrostatic 

dipole field from the DX+ centers can induce tunneling from confined energy levels in 

the QD, and electrons can escape with much smaller activation energies in doped QDIPs.  

 

 

Figure 4.11 (a) Energy -configuration coordinate diagram for Si-induced DX centers in 
GaAs (note that the zero configuration  coordinate represents typical GaAs lattice site, 
while QR represents relaxed lattice site due to Si atom distortion), and conduction band 
energy diagrams of the QD active region in the (b) thermal-activation dominated and (c) 
dipole-field dominated regions. Note that the DX−, DX0, and DX+ energy levels are 
indicated in parts (a) and (b). 
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Therefore, this dipole-induced tunneling mechanism can explain the observed bias 

dependence of the QD activation energy in doped samples. In Region I, the QD activation 

energy is dominated by thermal activation from the InAs QD to the GaAs conduction 

band edge, since the DX center metastable states are not yet stable enough to participate 

in the transport process at lower bias. In Region II, when the bias voltage reaches the 

threshold value of 0.36 V, the DX- state begins to form as hot electrons occupy the DX 

center. As the bias voltage increases from 0.4 V to 0.8 V, the DX+ state begins to form as 

electrons are removed from the DX- centers due to the impact ionization process. 

Therefore, in Region II, the activation energy of the doped samples experiences a 

dramatic decrease due to the dipole field formed between DX+ centers and the electrons 

in the QDs. In Region III, when the bias voltage is beyond 0.8 V, the dipole field 

becomes the dominant factor in the electron transport process due to fully formed DX+ 

centers. It is important to note that both Si+ shallow donor ions and DX+ defect ions are 

originally formed by Si dopants in GaAs; however, they are formed under different bias 

voltages. It is also important to note that this dipole-induced tunneling is applicable to 

directly-doped QDIPs because Si dopants tend to migrate to the surface of InAs QDs, and 

subsequently, into the GaAs capping layer.    

 

4.4 Capacitance-Voltage Spectroscopy Study    

Capacitance-voltage (C-V) spectroscopy can be used to identify the available energy 

levels in a Schottky diode. Temperature-dependent C-V measurements have been 

performed to further study the dynamical transport process of carriers in the three QD 
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Schottky diodes. C-V spectra were measured using a Keithley 590 C-V analyzer with a 

Keithley 4200 semiconductor characterization system and modulation frequency of 100 

kHz. A schematic diagram of the band structure of the QD device under zero bias is 

shown in Figure 4.12. From calculation, the Schottky diode is fully depleted. The fully 

depleted condition is reflected in the band diagram. In C-V measurements, electrons 

tunnel into the QDs when the energy levels in the QDs line up with the Fermi energy of 

the system. Thus, the capacitance will increase due to accumulating charges occupying 

the QDs.  

 

 

 

 

 

Figure 4.12 Schematic diagram of the band structure of the QD Schottky diode under 
zero bias. 
 

Figure 4.13 shows the temperature-dependent C-V spectra. A clear difference is 

observed between undoped and doped QD Schottky diodes. The observed differences in 

C-V spectra reflect differences between the undoped and doped devices in i) available 

energy levels in QDs for electrons to tunnel into and occupy, and ii) carrier transport 

mechanisms through multiple QD layers due to different doping schemes. Under positive 

bias condition for the doped devices, the capacitance shows an abrupt decrease at a 

specific bias value, defining the critical bias. In contrast, a gradual capacitance decrease 
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is observed for the undoped device. These spectra demonstrate that electrons can escape 

from QDs much more easily in the doped devices at the critical bias than in the undoped 

device. Si dopants in the GaAs barrier layer may be responsible for the abrupt 

capacitance decrease.  
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Figure 4.13 Temperature-dependent C-V spectra for the three QD Schottky diodes. 
 

To further investigate the critical bias condition of the doped devices, the critical bias 

voltage is plotted as a function of temperature. Figure 4.14 shows that the critical bias for 

the doped QD devices decreases with increasing temperature. Thus, when the 

temperature increases, electrons inside QDs have higher thermal energy and can be more 

easily excited from QDs. In addition, the “free electrons” outside QDs also have higher 

kinetic energy at higher temperature, thereby leading to impact ionization at lower bias 

voltages. Impact ionization can remove electrons from DX centers and activate DX+ 

states. The electrons in QDs and the DX+ ions outside the QDs create electric dipole 
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pairs as described in the previous section, thereby causing carrier leakage from QDs. 

Thus, the capacitance drastically decreases when the carriers leak from QDs due to the 

QD-DX+ dipole interaction.  
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Figure 4.14 Critical bias as a function of temperature for the doped QD Schottky didoes. 
 

As demonstrated in Figure 4.13, doped samples exhibit a greater difference between 

Cmax and Cmin, where Cmax is the value of the capacitance peak in the C-V curve and Cmin 

is the capacitance value of the flat part in the C-V curve before capacitance increases. In 

Figure 4.15, (Cmax-Cmin) is plotted as a function of temperature (T). (Cmax-Cmin) represents 

the number of electrons filled in the device during charging process. For the undoped 

device, electrons can only fill QD energy levels. For the doped devices, due to the 

existence of DX centers, electrons can also fill the DX center states, thereby 

accommodating more electrons and having higher (Cmax-Cmin) values. When the 

temperature is higher than 100 K, (Cmax-Cmin) of the doped devices is significantly higher 
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than that of the undoped device. At temperatures below 100K, the (Cmax-Cmin) values are 

much closer. This may due to the fact that 100 K is the freeze-out temperature for DX 

centers, below which the DX center is not activated.114,115 Therefore, the (Cmax-Cmin) 

value does not show a significant difference for the doped and undoped devices at lower 

temperatures. According to this analysis, the difference between (Cmax-Cmin)doped and 

(Cmax-Cmin)undoped represents the DX center concentration. Therefore, the DX center 

concentration can be estimated as ~ 2x1010/cm2 (~ 10% of doping concentration, which is 

2x1011/cm2) for the doped devices. It is important to note that the DX center 

concentration measured by the photocapacitance measurement is lower because the 

photocapacitance quenching experiment was performed at 25 K, at which only a fraction 

of the DX centers are activated.  
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Figure 4.15 (Cmax-Cmin) represents number of electrons can be filled into the device, 
which shows as a function of temperature. 
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4.5 Summary 

In summary, by using a unique algorithm to evaluate polarization-dependent FT-IR 

absorbance measurements in InAs/GaAs QDIPs, I have observed an absorbance peak at 

405 meV corresponding to a DX center in Si-doped GaAs. This identification is 

supported by: i) spherical symmetry of the peak as observed by X-Y- and Z-polarized 

absorbance, ii) disappearance of the peak at temperatures above 150 K corresponding to 

thermal activation of trapped carriers, and iii) dependence of the absorbance peak 

magnitude on carrier concentration for delta- and modulation-doped samples. The 

observance of this peak is also important in that it can be correlated to observations in the 

QDIP dark current for delta- and modulation-doped devices. Therefore, the polarization-

dependent FT-IR study justifies the existence of DX centers in Si-doped InAs/GaAs 

QDIPs.  

In addition, photocapacitance quenching measurements confirm that DX centers exist 

in Si-doped InAs/GaAs QDs, but not in undoped QDs. A significant difference exists in 

the temperature-dependent dark current and corresponding QD activation energies of 

doped and undoped QD Schottky diodes. While the QD activation energy decreases 

gradually with increasing bias voltage in undoped samples due to field-assisted tunneling 

in the absence of DX centers, the QD activation energy in doped samples demonstrates 

bias dependence that can be divided into three regions. In Region I (< 0.4 V), the QD 

activation energy is dominated by thermal activation; in Region II (0.4 – 0.8 V), DX 

centers are converted from DX- to DX+ states by impact ionization; and in Region III (> 

0.8 V), a dipole field between the DX+ and electron-occupied QD states induces 
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tunneling and dominates transport, saturating the QD activation energy at very low values. 

Therefore, this DX center, dipole-induced tunneling mechanism has a profound effect on 

dark current, and its identification should lead to better modeling of QDIP device 

performance.  

Finally, the measured C-V spectra demonstrate that there is a significant difference in 

charge filling and leaking dynamics between doped and undoped QD Schottky diodes. 

Electrons tend to leak out from doped QD structures more easily than undoped QDs. This 

effect is most likely due to leakage from the dipole-induced tunneling mechanism 

resulting from Si-induced DX centers in GaAs. The concentration of the DX centers is 

estimated using the difference between (Cmax-Cmin)doped and (Cmax-Cmin)undoped, and is 

approximately 2x1010/cm2 (~10% of doping concentration) for the doped samples. Thus, 

the C-V measurement is very useful to provide an estimate for important parameters for 

DX centers that can be used in a dark current model including DX center effects for more 

accurate design of QDIPs.  
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Chapter 5 Influence of Background Drift Current and 
Dipole Field on Quantum Dot Infrared Photodetector 
Dark Current 

 

5.1 Background for QDIPs Dark Current Simulation 

In theory, QDs provide three-dimensional confinement for charges, thereby 

reducing the dark current density in QDIPs. However, an additional leakage path may 

exist in Si-doped QDIPs due to growth defects induced by dopant atoms. From FT-IR 

spectroscopy, dark current-voltage, and capacitance-voltage measurements conducted in 

my research, it is obvious that the observed drastic decrease in activation energy with 

voltage is due to Si-doping and the presence of dipole fields that induce this leakage 

current in QDIPs. Similar results have been observed and related to doping in quantum 

well structures previously studied by other groups. 113,116 An increased dark current 

density and reduced activation energy are the main features for such defect induced 

leakage in other QDIPs. 28,117,118 

It is important to reflect the defect induced dark current in the QDIP dark current 

model for QDIPs with Si-doping. Developing a dark current model and the comparison 

study between modeling results and experimental dark current data is a very effective 

way to provide insight in carrier transport processes in QDIPs. Therefore, in this chapter, 

we include the dipole field in the dark current model and compare the experimental and 

calculated results. Good agreement between the two has been achieved, which helps to 
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verify the existence of such dipole fields in the Si-doped QDIPs featuring remote doping 

schemes. In the model described in this chapter, I will discuss how to include the dipole 

field formed between electrons confined in QDs and ionized Si dopants, as well as impact 

ionized DX centers.   

5.2 Existing QDIPs Dark Current Models 

Several theoretical models have been proposed to describe dark current in 

QDIPs;29,49,117,119-122 of these, four have been compared to experimental data.49,117,121,122 

Vukmirovic et. al.121 use the eight-band k.p approach to calculate electron transition rates 

between QD bound states and continuum, and solve a system of rate equations to 

determine the steady-state current.  However, in Vukmirovic’s model, a good agreement 

can only be found at a specific temperature (77K in this case) over a limited bias field, 

from 7.5 kV/cm to 25 kV/cm. The model needs to be improved for other temperature and 

bias field conditions. Naser et. al.122 use nonequilibrium Green’s functions and the 

quantum transport equation to calculate the QDIP dark current.  Naser et al. compared the 

calculated dark current density and experimentally measured value at various 

temperatures. A good agreement can not be obtained at lower temperature (80K), and 

under low bias voltage (V<0.5V). In general, the experimental dark current is higher than 

the calculated value when bias voltage greater than 0.5V. This is especially significant 

when temperature is as low as 80K. It indicates additional dark current source or carrier 

emission mechanism should be included in the model in order to match the measured 

dark current. 
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Ryzhii’s model 49 considers thermionic emission from the QD as the primary 

generation mechanism of dark current.  Ryzhii, et. al.49 use a detailed balance equation 

for electrons captured into and emitted from QDs in order to determine the potential 

profile of the QD active region, and subsequently, the dark current density. In Ryzhii’s 

model, the current in a QDIP is controlled by the potential field associated with QD 

layers, which depends on the space charge of each QD layer. However, Ryzhii’s model 

can only fit the measured data well at extremely low temperature, for example, as low as 

10K. Stiff-Roberts,117 et. al.  modified the Ryzhii model to account for the discrepancy  

between calculated and measured dark current by including an additional source of dark 

current, namely field-assisted tunneling from QDs.  In this case, agreement between 

calculated and measured dark current was improved at higher bias and higher temperature.   

The model developed in this dissertation is primarily based on the Ryzhii-Stiff-

Roberts’ model. Therefore, it is very important to analyze this model in a detailed manner 

before discussing the new model later in this chapter. It is important to note that the 

Ryzhii-Stiff-Roberts model is only valid when the bias voltage is greater than the 

threshold voltage, Vo. A dark current model flow chart based on the Ryzhii-Stiff-Roberts 

approach is shown in Figure 5.1. The parameters of the dark current model are 

summarized in Table 5.1.  
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Figure 5.1 Dark current model flow chart for Ryzhii-Stiff-Roberts’ model. 49, 117  
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Table 5.1 Summary of dark current model parameters of Ryzhii-Stiff-Roberts’ model. 49, 
117 
 

QDIP Parameters QDIP Parameter Definiation 

V External bias voltage 
Vo Threshold voltage 

φk 
Electrical potential of the kth QD 

layer 
Q Electron charge 
ΣQD QD surface density 
K Total number of QD layers 
L GaAs barrier width 

Nk 
Number of electrons in the kth 

QD layer 
J Dark current density 

Jmax Maximize dark current density 
emitted from the emitter contact 

kB Boltzmann constant 
T Temperature 
P Capture probability 
Gk Thermionic emission rate 
Gt Field-assisted-tunneling-rate 

Gko Thermionic emission rate 
constant 

Gto Field-assisted-tunneling-rate 
constant 

ħ Planck constant 
m* Effective mass 

A_QD Later QD dimension 

εQD QD Ground State ionization 
energy 

Δє 
Energy difference from the QD 
ground state the highest filled 

QD energy level 

ФB 
Potential barrier height from the 
highest filled QD energy level to 

GaAs continuum (εQD- Δє)/q 
E Electric field 
D Device thickness 
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As shown in the flow chart, when the bias voltage is greater than Vo, the detailed 

balance equation can be written as:  

tk
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q

j
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 ……(V > Vo)    (4) 

where j is the total dark current density, QDΣ  is the QD surface density, p is the capture 

probability, Gk is the rate of thermionic emission, and Gt is the rate of field-assisted 

tunneling emission.   

The capture probability and thermionic emission rate have been discussed in detail by 

Ryzhii et al.49. The thermionic emission rate is expressed as:  
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where Gko is the thermionic emission rate constant, εQD is the quantum dot ionization 

energy at ground state, kB is the Boltzmann constant, T is device temperature, <N> is the 

number of electrons in quantum dots, and aQD is the lateral dimension of the quantum dot. 

The original form of field-assisted tunneling emission rate, Gt, in Stiff-Roberts model can 

be represented as:  
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where Gto is the tunneling emission rate constant, ФB is the potential barrier from the 

highest filled quantum dot energy level, E is the electric field across the device, and Δε is 

the energy difference from quantum dot ground state to the highest filled level. A 

Wentzel-Kramer-Brillouin (WKB) approximation has been used for this one-dimensional 
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triangular barrier to obtain the field-assisted tunneling rate Gt in the direction of 

photoconduction. All of the quantities in the expressions for capture probability, 

thermionic emission, and field-assisted tunneling emission can be calculated, or 

determined experimentally, except for Gko, Gto, and Δε. Those quantities are used as fitting 

parameters to solve the detailed balance equation and obtain the dark current density, j. 

However, it has to be pointed out that both the Ryzhii and Stiff-Roberts models are only 

valid for the bias region greater than Vo, where Vo is the minimum bias required for the 

emitter contact to inject electrons over the potential barrier at the first QD layer.49 In 

addition, qVo is approximately equal to the QD ground state ionization energy.123  

Therefore, in all cases, the dark current models must be improved in the low bias range.  

The model described in this dissertation research identifies two transport bias regions 

and two additional dark current generating mechanisms in addition to the thermionic 

emission and field-assisted-tunneling described in the Ryzhii and Stiff-Roberts models, 

i.e. background drift current and dipole-field-assisted-tunneling current. The existence of 

a dipole field can increase carrier tunneling probability from QDs, leading to an increase 

of free carrier concentration in the QD active region. As a result, it is important to include 

this contribution in the calculation of the dark current density by using a drift current 

model in the low bias region, which has not been considered by previous models. In 

addition, the field-assisted-tunneling emission rate, described previously by the Stiff-

Roberts model, is also affected by the dipole field. Therefore, the corresponding emission 

rate is adjusted in the model described in this chapter. A detailed explanation of the 

dipole field and the drift current will be presented in section 5.3.  
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5.3 Dipole-Field-Assisted-Tunneling and Background Drift Current 

In the model described in this chapter, in addition to the Ryzhii thermionic emission49 

and Stiff-Roberts field-assisted-tunneling,50 background drift current and dipole-field-

assisted-tunneling are considered. The dark current model can be separated into two 

regions; one is a low bias region dominated by drift current, while the second is a higher 

bias region dominated by field-assisted-tunneling. Here we will discuss the formation of 

the dipole field.  

First, due to remote-doping of the InAs/GaAs QD active region, a dipole field can be 

formed between positively charged, thermionically ionized Si+ ions and negatively 

charged electrons in QDs. The Si+ induced dipole field constitutes the major part of the 

dipole field. Second, a dipole field can also be formed between impact-ionized DX+ 

centers and QD electrons. The detailed formation processes of the DX+ ions have been 

described by Figure 4.11. For the remote-doping case, the Si atoms are provided as 

dopants 6 nm above the QD layer. The dipole field formed by Si+ ions and electrons in 

QDs contributes to band bending in the heterostructure such that the QD confinement 

potential becomes a narrow triangular barrier near the remote-doping GaAs. As a result, 

confined electrons in the InAs/GaAs QDs can tunnel into the GaAs continuum at lower 

activation energies in the presence of a dipole field, corresponding to higher dark currents 

and lower operating temperatures28,50,124 124-126 as observed experimentally. 

Due to the presence of the dipole field, free carriers that escape from QDs at low 

applied bias are very important to consider for the dark current model. In the Ryzhii-

Stiff-Roberts model, when the bias voltage is smaller than the threshold voltage, Vo, 
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carriers cannot be emitted from the QDs, there are no free carriers in the QD active 

region, and no dark current can be calculated by the model. Clearly, this approach cannot 

explain the dark current measured in QDIPs in the low bias region. Therefore, the 

additional carrier transport mechanisms identified as dipole-field-assisted-tunneling and 

drift current are important additions to the dark current model that enable better 

agreement with observations.  

 

5.4 Dark Current Analytical Model  

There are two significant contributions for the dark current model developed in this 

dissertation research. First, the drift current component in the model makes it possible to 

express the dark current when bias voltage is smaller than threshold voltage. This has not 

been achieved by previous models. More importantly, this model successfully identifies a 

dipole field related tunneling mechanism that is responsible for the dark current in the 

low bias region. Second, the dipole field term is also important in the high bias region 

which contributes to higher dark current density and lower activation energy observed in 

many QDIPs. In this section, I will focus on the differences from and improvements to 

the Ryzhii-Stiff-Roberts model. It is best to start with the program flow chart, as shown 

in Figure 5.2.  
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Figure 5.2 Dark current model flow chart. 
 
 

Compared to the flow chart of the Ryzhii-Stiff-Roberts model shown in Figure 5.1, 

the main improvement of the new model comprises two parts. First, when bias voltage V 
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is smaller than Vo, the new model uses an expression for the drift current to calculate the 

dark current. The drift current is expressed as:  

μεαqnJJ drift ==      ……(V < Vo)    (7) 

where α is an arbitrary coefficient for drift current, q is the electron charge, n is the free 

electron concentration emitted from QDs, μ is temperature-dependent electron mobility in 

GaAs [
3.23008000 ⎟

⎠
⎞

⎜
⎝
⎛=

T
μ ],127 and ε is the electric field caused by external bias in the low 

bias region that can be represented by 
d
V

=ε , where V is the bias voltage, d is device 

thickness.  The free electron concentration originates from QD electrons tunneling 

through a triangular barrier under the presence of a dipole-field induced by Si+ ions. A 

WKB approximation is used to calculate the tunneling probability through the triangular 

barrier.  Thus, the free electron concentration is represented as: 

( ) ⎟
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⎜
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−−=

E
qm

Tknn effBdO

2
3*2

3
4exp2/exp φε

h
   (8) 

where no is the Si doping concentration, dε is the dopant ionization energy for Si+ 

shallow donors, Teff is the effective temperature due to carrier heating effects in an 

electric field, m* is the electron effective mass in InAs, ħ is the Plank constant, ф is the 

QD ground state ionization energy, and E is the electric field caused by both applied bias 

and the local dipole field. The effective temperature, which is more significant at lower 

operating temperatures, is expressed as 2/122 )))//(.37.0(( qTkaETT Beff += ,128 where a is 

the Anderson localization length accounting for electron scattering.  E is expressed as 
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SidipoleE
d
VE _+= , where Edipole_Si is the local dipole field between Si+ ions and QD 

electrons. 

Second, when the bias voltage is greater than Vo, the new model provides a 

modification to the electric field in the field-assisted-tunneling term accounting for 

dopant-induced dipole fields. The field-assisted tunneling emission rate, Gt, is calculated 

using superimposed dipole fields in addition to the applied field. The two dipole fields 

are formed between the Si+ ions and QD electrons, and the DX+ centers and QD 

electrons, respectively. Thus, the electric field, E, is represented 

as DXSidipole EE
d
VE ++= _ , where EDX is the local dipole field between the DX+ centers 

and the QD electrons. EDX is expressed as ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛−=

28.0exp
V

EE DXoDX , where EDXo 

represents the dipole field formed by DX+ centers when fully ionized and the exponential 

term represents the impact ionization rate at applied bias voltage V. The dipole field 

strength of EDXo is proportional to the density of DX centers with respect to the density of 

regular Si+ ions. From the C-V experimental results described in Chapter 4, the DX 

center density is approximately 10% of the overall doping concentration. Therefore, EDXo 

is about ~10% of Edipole_Si. The 0.8 V dependence of the exponential term is determined 

from the Schottky diode experiment, described in Chapter 4, for which 0.8 V was 

observed as the applied bias for which the activation energy decreased dramatically in 

Figure 4.10 (i.e., beginning of region III).  
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All of the parameters for the new model can be calculated explicitly, or determined 

experimentally, except for α, Gko and Gto, which are used as fitting parameters. A list of 

the important measured and estimated values used in the model is shown in Table 5.2 

 
 
Table 5.2 Measured and Estimated QDIP Parameters in the Dark Current Model. 
 

QDIP Parameters QDIP Parameter Definiation QDIP Parameter Values 

K Total number of QD layers 30 

L GaAs barrier width 50 nm 

∈r Dielectric constant of GaAs 12.66 

ΣQD QD surface density 1E11/cm2 

jmax Maximum current density 1A/cm2 

εQD 
QD Ground State ionization 

energy 
150 meV 

aQD Later QD dimension 30 nm 

lQD Transverse QD dimension 8 nm 

Edipole Strength of dipole field 15 kV/cm 

 

   

Using this model, the calculated dark currents are compared to the measured values of 

three, thirty-layer, InAs/GaAs QDIP heterostructures grown on semi-insulating (100) 

GaAs substrates using solid source MBE and standard growth techniques.66 Each QDIP 

features remote-doping InAs/GaAs QDs with different carrier concentrations 

corresponding to one-, two-, and three-electron(s) per dot, respectively. A detailed 

description of the thirty-layer QDIP heterostructure can be found in section 1.2. The QD 

surface density is measured by AFM to be ~1x1011cm-2. Fig 5.3 shows the calculated and 

measured dark currents at 77 K, 100 K, and 295 K for 30-layer QDIPs with nominal 
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doping concentration of one-, two-, and three-electrons per QD, respectively. In general, 

the dark current model described here shows good agreement with QDIPs of different 

doping concentrations over the bias range from 0V to more than 1V (limited by 

measurement) and over the temperature range from 77K to 295K (covering operating 

temperatures of interest). Again, the dark current fitting in the low bias region shown here 

has not been achieved by previous models. Also, the agreement at higher temperature is 

not as good as it is at lower temperature due to fluctuations in the DX center 

concentration resulting from thermal activation.  
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Figure 5.3 The calculated and measured dark currents at 77 K, 100 K, and 295 K for 30-
layer QDIPs with nominal doping concentration of one-, two-, and three-electrons per 
QD, respectively. 
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The fitting parameters for Figure 5.3 are summarized in Table 5.3.  The field-assisted 

tunneling constant shows a significant increase with temperature. The significant increase 

of the tunneling rate indicates a temperature-variant source in QDIPs, which could be 

significantly increased tunneling probability due to increased dipole field from the 

presence of increasingly activated and evacuated DX+ ions at higher temperature.  As the 

dark current is dominated by tunneling current, the thermionic emission has minimal 

overall impact on the dark current. Therefore, the thermionic emission constant has been 

kept as a fixed value to reflect the Richardson thermionic emission constant. The drift 

current coefficient, α, decreases with increasing doping concentration and increases with 

increasing temperature. The doping concentration dependence could be due to reduced 

mobility resulting from increased scattering probability, while the temperature 

dependence could be due to thermionic activation at high temperature. A dipole field of 

15-20 kV/cm is found to give optimal dark current calculation results to match the 

experiment values.  This 15-20 kV/cm dipole field corresponds to a 7.3-8.5 nm dipole 

displacement. This dipole displacement is reasonable considering the dipole displacement 

is between an uncertain location of Si dopants inside InAs QDs and the remote-doping 

location in GaAs barrier which is 6 nm above QDs.  
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Table 5.3 Fitting parameters for samples with nominal doping concentration of 1, 2, and 
3 electron(s)/dot at different device temperature.  
 

 Doping 

Concentration 

 Temperature Gto (/s) Gko (/s) α Dipole Field 

(kV/cm) 

 77 2.0E-01 1.0E11 0.22 15 

1 e/dot  100 5.5E+01 1.0E11 0.46 18 

  295 1.5E+07 1.0E11 8.5 19 

 77 3.2E-01 1.0E11 0.17 17 

2 e(s)/dot 100 7.0E+01 1.0E11 0.3 18 

  295 1.7E+07 1.0E11 5 19 

 77 3.0E-01 1.0E11 0.11 18.5 

3 e(s)/dot 100 7.8E+01 1.0E11 0.24 19 

  295 1.3E+07 1.0E11 2.5 20 

 

Figure 5.4 demonstrates the significance of the dipole field contribution by comparing 

calculated dark currents with and without the dipole fields to measured dark current. A 

very good agreement can be obtained between the measured and the calculated results 

when the dipole field is considered. In comparison, when the dipole field is not included 

in the model, the calculated results show lower dark current values and the dark current 

decreases more rapidly with decreasing bias. This result is easy to understand in that the 

dipole field plays an important and direct role in the field-assisted tunneling.  
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Figure 5.4 Measured and calculated dark currents as a function of bias voltage at 77K. 
The calculated dark currents show both before and after the dipole field is included in the 
model.  
 

5.5 Summary 

In summary, the inclusion of a background drift current in the low bias region due to 

a significant free carrier concentration resulting from the dipole field between Si+ ions 

and QD electrons results in very good agreement between calculated and measured dark 

currents for broad bias and temperature ranges, which has not been achieved by previous 

models. In addition, my work also serves to draw attention to the dipole field effect in 

dark current distribution caused by remote-doping induced charge distribution and 

impact-ionized DX centers. A very significant effect has been observed in dark current 

formation due to the dipole field. The DX center contribution is not only valid for Si 
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dopant induced point defect centers, but also valid for As-antisite point defect centers and 

interstitial defects85 and many other type point defects in QDIPs. The dark current 

analysis accounting for other types of point defects would be similar to the analysis 

presented in this model, however, with different defect concentration, defect ionization 

energies and processes. This contribution is also important considering that remote 

doping methods have been used regularly in QDIP structures.  
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Chapter 6 Dipole Interface Doping QDIPs 
 

6.1 Background of Dipole Interface Doping  

Traditionally, in order to reduce the dark current density and improve QDIP 

device performance, AlxGa1-xAs has been used as a current blocking layer. However, the 

AlxGa1-xAs current blocking barrier also blocks photocurrent, which shares the same 

transport path as the dark current. In addition, the barrier height posed by the AlxGa1-xAs 

layer significantly increases the activation energy of electrons, thereby limiting the 

spectral response in the mid-IR range. In Chapter 4, the formation of a dipole field 

induced by Si-modulation doping above QD layers was discussed. The presence of the 

dipole field leads to significant bending of the conduction band, thereby enabling 

electrons in QDs to escape more easily as a leakage current contributing to higher dark 

current density. However, if the direction of the dipole field were reversed, the electrons 

would experience better quantum confinement in QDs, leading to a reduction in the dark 

current density.   

In order to create a dipole field adjacent to the QD layer that increases the 

electron confinement, a dipole interface doping (DID) method is used. The DID method 

was originally proposed by Capasso in order to introduce band-edge discontinuities in 

semiconductor heterostructure interfaces. Such a band-edge discontinuity can be used to 

tune the barrier height at the QD heterojunction interface 112,129 with significant 
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abruptness, which is important for bandgap engineering in heterojunction devices. 

Compositional grading at the interface is also an effective way to control barrier heights, 

but eliminates the abruptness of the heterojunction. Capasso et al. demonstrated a 

reduction of the barrier height on the order of 0.1 eV in an Al0.26Ga0.74As/GaAs 

heterojunction, which resulted in an enhancement by one order of magnitude of the 

collection efficiency of photocarriers across the heterojunction. The higher quantum 

efficiency is due to the higher probability of electrons overcoming the DID-reduced 

barrier height at the interface under forward bias and being collected at end electrodes. 

The DID method has been used for barrier height control in heterojunction bipolar 

transistors (HBTs),130 lasers,131 solar cells,132 photodetectors,133 and terahertz detectors.134  

The DID method is illustrated in the schematic diagrams of Figure 6.1. Figure 6.1 

(a) represents the band diagram of an abrupt heterojunction without doping on either side 

of the junction. Figure 6.1 (b) shows two doping layers of opposite charge grown on 

either side of the junction, both of which are depleted. Therefore, a microscopic capacitor 

is formed between the two depleted doping layers. The potential difference between the 

two plates of the capacitor is ΔФ = qδd/ε, where q is the electron charge, δ is the delta-

doping concentration, d is the distance between the two doping layers, and ε is the 

dielectric constant of the corresponding semiconductor material (εInAs = 15.15, εGaAs = 

12.9). The potential has an abrupt variation at the heterojunction interface.  
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(a) 

  

(b) 

                    

(c) 

Figure 6.1 (a) Band diagram of an intrinsic heterojunction. (b) Schematics of doping 
interface dipole. (c) Band diagram of a heterojunction using DID method, ΔΦ is the 
dipole potential difference.  
 

6.2 QDIPs with Dipole Interface Doping 

The bandgap discontinuity induced by the DID method can also be used to 

increase the barrier height. This approach is investigated as an alternative to AlGaAs 

current-blocking barriers in QDIP heterostructures.  The DID method increases the 

barrier height when the direction of the dipole field is in the reverse direction to the 

dipole field caused by Si-modulation doping of QDIPs. The increased barrier height can 
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reduce thermionic emission from QDs, thereby reducing the dark current density. In the 

DID structure, opposite n+ and p+ dipole layers compensate each other and project no net 

charge beyond the dipole charge layers, thereby eliminating the long range component of 

the potential. Thus, the artificial band offset is restricted to the region between the 

opposite doping layers. The DID-increased barrier height involves p-type doping in the 

GaAs barrier layers on either side of the InAs/GaAs QD heterojunction. Figure 6.2 shows 

schematic diagram of the conduction band for InAs/GaAs QDs before and after doping. 

The barrier height is controlled by the dipole doping concentration at the interface.    

 

 

Figure 6.2 (a) Band diagram of an intrinsic InAs/GaAs QD heterostructure. (b) Schematic 
of doping interface dipole at the InAs/GaAs QD interface. (c) Band diagram of 
InAs/GaAs QD heterostructure using DID method. The dashed lines show the original 
band diagram.  
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It is worth noting that a similar experiment has been reported by Shen et al., and a 

significant current density decrease (about 104 times) was observed for an increased 

barrier caused by p-type delta-doping on the GaAs side of the InAs/GaAs interface.135 

Shen et al. fabricated relaxed isotype InAs/GaAs heterojunctions by MBE and used Be to 

create a p-type  δ-doping layer within GaAs, about 5 nm away from the interface. 

However, in Shen’s experiment, the single p-type δ-doping layer shows a long range 

electrostatic field that raises the conduction band relative to the Fermi level, thereby 

creating an additional triangular barrier on one side of the junction.  Although the DID 

doping method is fundamentally different from Shen’s p-type δ-doping method, both 

DID doping and p-type δ-doping on the GaAs side lead to significant reduction of the 

dark current density.  

P-type doping in the GaAs barrier layers of InAs/GaAs QDIPs has also been 

studied by Chou et al.136-138 With p-type doping in GaAs, significantly lower dark current 

density was observed. However, higher p-type doping concentration (1x1017/cm3) was 

found to reduce or eliminate the spectral response of QDIPs.137 Yet, an important 

advantage of the DID method is convenience in material growth because an additional 

heterojunction is not required, only doping of the barrier material. In addition, the 

spectral response will not be limited to the mid-IR range because the barrier increase is 

not as significant as it is for AlxGa1-xAs current blocking barriers.  

Three InAs/GaAs QDIP samples were grown by MBE and fabricated using 

standard techniques.66  The detailed heterostructure of the samples are described in 

Figures 6.3 (a) and (b) that show the general structure of the DID QDIPs and a zoomed-in 
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illustration of the QD doping scheme, respectively. All three QDIPs featured n-type 

doping in the InAs QD layer with a Si doping concentration of 2x1011/cm2 (equivalent to 

2 electrons/dot). A reference sample did not include the DID structure, while the other 

two samples included Be doping layers on both sides of the QD layer. The Be doping 

concentration for the two samples was 1x1011/cm2 (1 hole/dot) and 4x1011/cm2 (4 

holes/dot). The doping position is 6 nm away from the QD position on either side. The 

estimated corresponding barrier heights provided by the DID doping technique in the 

QDIP devices are 8 meV and 32 meV.  

 

                   

     (a) 

                             

(b)  

Figure 6.3 DID QDIP device structure. a) General device structure, b) Zoom-in doping 
scheme in the QD layer area.   
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6.3 Dark Current and Activation Energy of DID QDIPs  

Figure 6.4 shows the dark current measured at 150K for the three samples. The 

measurement shows a decrease of four orders of magnitude in the dark current of the 

samples with Be doping layers compared to the reference device. The lower dark current 

is attributed to the low free carrier concentration in the QDIP active region, which will be 

discussed later in this section. Asymmetry was observed in the dark current 

measurements of the DID devices, while the reference QDIP showed very minimal 

current asymmetry.139 The asymmetry in the bandstructure of the DID devices may be 

due to the shape of QDs grown by MBE 140 or diffusion and redistribution of doping 

atoms 141. The asymmetric shape of the QDs, including the wetting layer, is a natural 

source to induce the band structure asymmetry.  

 

Figure 6.4 Dark current of DID QDIPs at 150K. The measurement shows a decrease of 
four orders of magnitude in the dark current for the samples with Be doping layers. 
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In addition, the surface state of a growing semiconductor tends to trap carriers and 

form a dipole field near the surface. The electric dipole field exerts a force on charged 

impurities which tend to drift to the surface, i.e. redistribute to the surface. Therefore, the 

current asymmetry of DID QDIPs is most likely due to the band structure asymmetry 

induced by diffusion and redistribution of doping atoms.  

Figures 6.5 (a), (b) and (c) show temperature dependent dark currents of the reference 

device and two DID devices with Be doping concentration of 1x1011/cm2 and 4x1011/cm2, 

respectively.  In general, there are two main features observed in the measured dark 

currents of the DID devices. First, current asymmetry occurs for the reasons discussed 

above. As a result, the bias voltage for minimum dark current, in general, shifts to more 

negative bias voltages as the temperature increases. This is due to the built-in potential 

originating from dopant diffusion of the DID structure in the active region.  
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(c) 
Figure 6.5 Temperature dependent dark current for (a) reference sample, (b) Be doped 
sample with 1x1011/cm2 on both sides, (c ) Be doped sample with 4x1011/cm2 on both 
sides.  



 

94

Second, DID devices demonstrate flattening in the dark current with increasing bias 

voltage at low temperature. This flattening effect is understood by separating the dark 

current curve into three regions, as illustrated Figure 6.6 showing a typical dark current 

characteristic exhibiting the flattening feature. In region I, the dark current is dominated 

by the drift current, while in region III, the dark current is dominated by the field-

assisted-tunneling current. In region II, the dark current curve shows the flattening feature, 

which is associated with saturation of the drift current extended from region I before turn-

on of significant field-assisted-tunneling due to the bias voltage. The bias voltage at 

which field-assisted tunneling becomes significant can be relatively high if an AlGaAs 

barrier layer is included in the device heterostructure.  In addition, Figure 6.5 shows that 

the flattening feature in the dark current curves of DID QDIPs at low temperature 

disappear as the temperature increases. This is explained by the thermionic emission of 

electrons from QDs that increases free carrier concentration in the active region, thereby 

increasing the drift current density as the temperature rises. At the same time, the field-

assisted-tunneling turn-on-voltage decreases with increasing temperature since the 

thermionic energy enables more electrons to occupy the QD excited states, thereby 

decreasing the barrier height and increasing the tunneling rate.  
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Figure 6.6 A typical dark current curve separated into three regions demonstrating the 
flattening feature.  
 

The activation energies of each of the three QDIPs were evaluated by fitting the 

measured dark current-voltage data to an Arrhenius plot. Figure 6.7 shows the activation 

energy for the reference and two DID devices as a function of bias voltage. The reference 

device shows asymmetric activation energy under positive and negative bias conditions 

in that the activation energy is significantly higher for negative bias than for positive bias. 

The asymmetric activation energy is a typical observation for QDIPs, largely due to the 

asymmetry in the QD heterostructure. It is important to note that the asymmetry in 

activation energy is less pronounced for DID devices. This may be because the 

symmetric dipole field across the InAs QD layers is a stronger factor on activation energy 

and charge transport than the asymmetric shape of QD heterostructures. As expected, 

unlike the QDIPs using AlxGa1-xAs barriers to block dark current, there is no significant 

increase in the activation energies of the DID devices compared to the reference device.  

The artificial band discontinuity induced by the DID method is calculated to be 

I II III 
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approximately 8 meV and 32eV for 1 Be/dot and 4 Be/dot, respectively.  Yet, these 

values do not agree well with the activation energies measured in the DID devices. This 

mismatch may due to interdiffusion between Si and Be atoms during the long growth 

time and high growth temperature that occur during MBE. As a result, the dipole field 

may become less significant than expected. This result indicates that the DID QDIPs have 

the potential to increase responsivity and detectivity by significantly reducing dark 

current but without increasing activation energy and limiting the spectral response to the 

mid-IR region. It is worth noting that the activation energy of the reference device is 

relatively higher in the negative bias region. This is very likely due to the redistribution 

of Si doping atoms migrating to the GaAs barrier on top of InAs QDs. The ionized Si+ 

sites decrease the GaAs barrier site in the positive direction under forward bias while the 

GaAs barrier in the opposite direction is not changed as no Si atoms migrate to the 

bottom GaAs barrier from InAs QDs during growth. However, for the devices with 

symmetrical Be doping outside InAs QD layers, the surface state induced Si doping atom 

redistribution is significantly reduced by the Be doping during growth. Thus, the 

activation energy for QDIPs with the DID structure is more symmetric for positive and 

negative bias conditions compared to the reference device. Another feature in the DID 

device activation energy is that under negative bias condition, the activation energy 

increases when the bias voltage is higher than -0.4 V. The physical reason for this 

increase is not presently clear, requiring further experiments to verify if this activation 

energy increase at -0.4 V is physical.  
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Figure 6.7 Activation energy as a function of bias voltage determined from dark current 
Arrhenius plots for reference sample (circle), DID sample with 1 hole/dot Be doping on 
both sides (solid square), DID sample with 4 holes/dot Be doping on both sides (solid 
triangle), demonstrating no significant change in activation energy for DID QDIPs.   

 

6.4 Bandstructure of DID QDIPs 

In order to better understand the operation of DID QDIPs, the bandstructure was 

calculated using the effective-mass Schrödinger–Poisson method from the Nextnano3 

semiconductor nanostructure simulator package. As an approximation, a simplified one-

dimensional band structure simulation was performed on the InAs/GaAs heterostructure 

by solving the Schrödinger and Poisson equations iteratively. The heterostructure and 

doping information were obtained from the real structures used in this experiment. The 

simulated DID sample features P-type doping on either side of the InAs QD layer with a 

doping concentration of 4x1011/cm2 using Be dopant.  
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              (a) 

                       

         (b) 

Figure 6.8 Calculated bandstructure obtained from effective-mass Schrödinger–Poisson 
method using the Nextnano3 semiconductor nanostructure simulation package.60 a) 
reference device, b) DID QDIP device with 4 holes/dot Be doping on either side of the 
QD layers.  
 

Figure 6.8 (a) shows the bandstructure of the reference QDIP and Figure 6.8 (b) 

shows the bandstructure of the DID QDIP with 4 holes/dot Be doping concentration on 

either side of the QD layers. The calculation shows that the energy separation between 
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the Fermi level (represented by the x-axis) and the highest point of the conduction band 

minimum is about 90 meV for the reference device and about 150 meV for the DID 

device. Comparing the bandstructures,  Figure 6.8 clearly shows that the conduction band 

edge of the DID QDIP is lifted with regard to the device Fermi level by DID doping, and 

that additional potential barriers exist besides the QD layers. The energy increase of the 

conduction band edge of the DID device results in the QD energy states being well above 

the Fermi level such that the conduction band of the device is less populated with carriers, 

thereby reducing the dark current density in the QDIPs. In addition, the potential barriers 

provide additional confinement to the carriers, thereby increasing the chance for carriers 

to be recaptured by the QDs, further reducing the dark current density. Thus, the DID 

QDIP has an additional potential advantage of limiting the dark current density without 

sacrificing the photocurrent because other than the potential barriers placed beside the 

QD layers, there is no additional barrier to photoexcited electrons reaching the metal 

contacts.  

 

6.5 Summary 

From both the experimental and theoretical results, the DID QDIP is a promising 

approach to reduce the dark current density in QDIPs. As a result of reducing dark 

current density without significantly increasing potential barrier heights, the DID QDIPs 

should not be limited to spectral response in the mid-IR.  Yet, it is worth noting that the 

fundamental difference between using DID structures and AlGaAs barriers to limit the 

dark current density is that the DID method can increase the energy separation between 
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the QD energy states and the Fermi level, while the AlGaAs barrier only increases the 

energy barrier on the conduction band side without altering the energy separation 

between the QD energy states and the Fermi level. With the appropriate low p-type 

doping concentration, the photocurrent can be enhanced due to higher intraband transition 

probability with more available empty QD excited states. However, with high p-type 

doping in the GaAs barrier, the Fermi level is below the QD energy states, leading to 

reduced dark current, photocurrent, and responsivity.137   In addition, DID structures at 

the semiconductor interface require low growth temperatures to avoid interdiffusion and 

compensation of the dopant species. This temperature requirement could introduce more 

defects in the heterostructure during MBE growth and degrade the material quality and 

device performance.   
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Chapter 7 Conclusion and Recommendation for 
Future Work 

 

7.1 Conclusion 

QDIPs are being extensively studied for mid-wavelength and long-wavelength 

infrared detection because they have the potential for normal-incidence, high-temperature, 

and multispectral operation. To better understand doping incorporation in QDIPs is very 

important for achieving design requirements.  

In this dissertation research, two widely used doping methods have been studied, 

namely remote and direct doping of QDIPs. It has been found that modulation doping 

induces band bending in QDIP devices while there is no band bending observed using the 

direct doping method. Another significant result is the identification of defect centers 

induced by Si-doping in GaAs known as DX centers. This dissertation revealed that 

dipole fields induced by such DX centers contribute to a leakage current that reduces the 

activation energy and increases dark current density. The presence of DX centers has 

been verified by optical and electrical measurements, as well as by dark current 

simulation. This identification of doping-induced dipole fields in QDIPs not only 

provides an explanation why QDIPs underperform theoretical predictions, but also leads 

to a possible alternative to improve device performance by using the dipole field in a 

favorable way through the DID approach.   
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In the beginning of this dissertation, a novel SCM method was used to probe the 

carrier distribution caused by band bending induced by different doping schemes.  The 

SCM experiment has demonstrated that by characterizing QD heterostructures featuring 

different direct- and remote-doping schemes, a unique picture of dopant incorporation in 

QDs can be obtained experimentally. In addition, electron redistribution was observed 

due to the band-bending in the remote-doping region, while no band bending was 

observed due to direct doping in the QD layer. The experimental results were verified by 

bandstructure calculations that lead to better understanding of the two doping schemes. 

Such information is very important for device doping design.  

In order to understand the charge filling process in dense QD ensembles, a 

polarization-dependent FT-IR absorbance algorithm was developed to isolate the QD 

absorbance spectra for X-Y- and Z-polarizations. A red-shift of QD absorbance peaks 

was observed for samples with increasing doping concentration and electron occupation 

of QDs, supporting a miniband electronic configuration of high-density QD ensembles. 

The understanding of the electronic configuration in dense self-assembled QDs is 

important for determining doping concentration in QDIPs to achieve optimal device 

performance. In addition to the red-shift of the absorbance peak associated with 

increasing doping concentration in the QD ensembles, a peak at 405 meV, corresponding 

to a DX center in Si-doped GaAs, was observed using the polarization-dependent FT-IR 

absorbance measurements.  

Photocapacitance quenching measurements verified the existence of DX centers 

in Si-doped GaAs. The temperature-dependent dark current densities and corresponding 
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QD activation energies show significant differences between doped and undoped QDIPs. 

The abrupt activation energy decrease observed in Si-doped InAs/GaAs QDIPs samples 

is attributed to a dipole field induced by DX centers. In addition, the C-V spectra show 

that there is a significant difference in charge filling and leaking dynamics between 

doped and undoped InAs/GaAs QDIPs. Electrons tend to leak out from doped QD 

structures more easily than undoped QDs. This effect also verifies the presence of 

leakage current due to Si-dopant related DX centers that cause dipole-induced tunneling. 

The concentration of the DX center is estimated to be about ~10% of total doping 

concentration in the doped QDs by the C-V measurements.  

With the understanding achieved from the experimental results, a dark current model 

has been developed that incorporates the influence of doping-related dipole fields. This 

revised model describes background drift current caused by free carriers in the active 

region, as well as the dipole field caused by charge distribution and DX center impact 

ionization. The inclusion of background drift current in the low bias region results in 

excellent agreement between calculated and measured dark currents at different 

temperatures, which has not been achieved by previous models. The Si-doping induced 

dipole field is the source of free carriers in the QD active region, as well as a very 

important factor for field-assisted-tunneling in the devices. The existence of the dipole 

field makes it much easier for electrons to tunnel out of QDs, thereby contributing a 

leakage current to the overall dark current density. Thus, the inclusion of background 

drift current and dipole fields in the calculation of QDIP dark current are especially 
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important because the modulation doping method has been regularly used in QDIP 

structures.   

QDIPs featuring a dipole interface doping (DID) method were designed to reduce 

the dark current density without changing the activation energy (and the corresponding 

detection wavelength). From both experimental and theoretical results, the DID approach 

is promising to reduce the dark current density in QDIPs. As a result of effectively 

reducing dark current density without significantly increasing potential barrier, the 

QDIPs are expected to improve the detectivity, spectral tunability, and operating 

temperature without limiting the detecting wavelength range to mid-IR.   

Finally, it is important to note that the findings of defect centers and dipole fields 

in QDIPs are applicable to, not only the remote-doped devices studied in this dissertation, 

but to the vast device research community that considers doping and defect related effects 

in advanced semiconductor materials.  

 
 

7.2 Recommendation for Future Research  

From the doping study conducted in this dissertation research, it is clear that both 

of the two widely used doping methods, namely, direct doping in QDs and remote doping 

above QDs, have their particular advantages and disadvantages. For example, the 

modulation doping method can provide a more uniform dopant distribution in the GaAs 

barrier. Thus, it is believed electrons can be more uniformly distributed into the QD 

ensembles using the modulation doping method. In addition, the ionized donors are 

spatially separated from the QD layer, which results a reduced ion impurity scattering and 
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lower noise current. However, the modulation doping method can also induce undesired 

band bending and associated dipole field due to charge distribution in such doped QD 

structures.  

The direct doping method has a major drawback of having less control on where 

the doping electrons go. The random distribution of doping electrons is in large part due 

to broad size distribution of QDs formed by self-assembled growth. Therefore, it is even 

more important to increase the dot size uniformity. One possible way to achieve better 

dot uniformity is to apply a small signal RF or DC bias on the substrate.  The surface 

charge density of the QD growing surface will become a useful tool to control the 

likelihood of addatoms to attach to emerging QDs. In this way, the size and uniformity of 

QD ensembles can be controlled because the magnitude of the surface charge density is 

proportional to the fourth root of the magnitude of the Gaussian curvature at the 

location.142 The attachment of power supply to the MBE substrate holder would require 

equipment modification. A QD ensemble with more uniform QD size distribution can be 

expected after careful control of the bias condition. A more uniform QD ensemble can 

not only solve the random distribution problem associated with direct doping method, but 

also solve the QD line width problem associated with size distribution.  

In addition, the dark current model developed in this dissertation research 

includes two different representations in different bias regions. In the low bias region, 

V<Vo, the dark current is represented by a drift current model. When the bias is greater 

than Vo, the dark current is solved from a detailed balance equation. It is ideal to unify 

the two parts into one universal expression.   
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The attempt to reduce the dark current density in this dissertation research was to 

use a DID structure to limit the dark current in QDIPs. The advantage of the DID 

structure is to increase the overall active region conduction band energy level with 

respect to the Fermi level without significantly increasing energy barrier and changing 

transition energy. The performance of DID devices is strongly related to the p-type 

doping concentration in the device. Further experiments are required to design a series 

DID samples with different p-type doping concentration to study QDIP performance with 

regards to the Fermi level line up with different QD energy levels, e.g. ground state and 

excited states. Such an experiment is important to determine the optimal p-type doping 

concentration. In general, the ground state of the QD ensembles should  be slightly below 

the device Fermi level so that the QDs can be populated by electrons. The QDIPs with 

optimal p-type DID doping concentration are expected to have better device performance 

without limiting detection range to mid-IR.  
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Appendix A. QDIPs Fabrication Procedure 
 
 

1) Dice the QDIP sample as planed (suggest 7mm x 7mm).  

2) Clean QDIP sample by Acetone, IPA, DI water and blow dry by N2 gas.  

3) Apply photoresist (PR) S1813.  

a. Turn on the other hotplates to 100 °C.  

b. Retrieve S 1813 positive PR by a new droplet  

c. Set the spin coater to 3000 rpm for 40 secs with ramp rate of 500 rpm/s.  

d. Place the sample onto vacuum chuck on the spin coater. Make sure the 

sample is centered.  

e. Drop 2-3 drop of S 1813 on to the sample.  

f. Press the start button on the spin coater.  

g. After spin-coating, place the sample on the 100 °C hotplate for 60 seconds 

for soft bake.  

4) Load mask QDIP_2 on the mask aligner.  

5) Align the solid circle array on the QDIP sample, attach the QDIP sample to the 

mask. Expose at 365 nm wavelength at 9.2 mW/cm2 for 15 seconds.  

6) Develop the QDIP sample in MF-319 developer for 25 seconds.  

7) Use DI water to rinse the developed QDIP sample for 30 seconds.  

8) Check the pattern under green light microscope.  
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9) Bake the sample at 120 °C for 60 seconds to make the PR pattern hard for 

chemical etching.  

10) Before etching, use step profiler to measure the thickness of the photoresist 

pattern for a particular mesa, take down the number. (say 1000 nm, remember this 

thickness is for the photoresist only) 

11) Prepare etchant: 

a. Prepare H3PO4:H2O2: H2O = 50 : 50 : 1000 ml. 

b. Use spinner to mix the etchant well for at least 2 minutes. 

c. Set the spin speed to 180 rpm 

d. Let the spinner to spin for about 5 minutes to make sure the solution is 

uniform.  

12) Use the blue Teflon clip to hold the sample for etching. Before dip the sample into 

the etchant solution, dip the sample into BOE (HF 10% solution) for 20 seconds 

to remove the surface oxide and expose the fresh surface of the sample to make 

sure being able to obtain a consistent etching rate for later experiment.   

13) Put the sample into the etchant for certain period of time (say 100 seconds), move 

the sample into DI water to rinse for 20 seconds. Then use N2 gun to blow dry the 

sample. 

14) Measure the thickness of the specific mesa that is measured before using step 

profiler. Let’s say the measured thickness of the mesa is about 1400 nm. Now we 

know, the 100 second etching removed 1400 nm - 1000 nm = 400 nm = 4000 A 

thickness. Therefore the etching rate is 40 A/ second. Please keep in mind that the 
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etching rate will change over time. It can only give you an estimate of what the 

etching rate is about. Normally, I can get etching rate from 25 A/second to 42 

A/second, even I get a 40 A/second rate at the beginning of the experiment. So, 

give yourself a range of how much time you need to etch the sample in order to 

reach the bottom contact and not over etch it. Normally, etching down to the 

bottom in several smaller steps is recommended to avoid over etching.  

15) After each etching step, use the probe station to measure the I/V curve of the 

exposed GaAs layer. When the n-type GaAs is exposed, a typical I/V curve looks 

like this:  

 However, when the etching is not enough, the I/V curve will probably start from 

~10-8 to 10-12 A at +/- 5 V.  When the sample is properly etched, we can start to 

put top and bottom contacts on the device.  
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16) For the contacts, we need to use negative photoresist for ease of lift-off, since 

negative photoresist has a under-cut after developing. The negative photoresist 

lithography procedure is adopted from SMIF user manual: 
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17) After lithography, put the sample into BOE for 20 seconds in order to remove the 

surface oxide, then rinse the sample in DI water for 30 seconds and blow dry 

using N2 air before put the sample into metal evaporator for metal contact deposit.  

18) Using the metal evaporator to evaporate Ge-Au (alloy)/Ni/Au = 1000 Å/340 Å 

/3000 Å onto the sample. Use vacuum compatible sticky tape (can find it from 
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RIE area) to attach the sample onto a piece of larger Si substrate to be clipped 

easier to the evaporator sample holder. 

19) After metal evaporation, put the sample into acetone for lift-off. If experiencing 

difficulty in lift-off, try using boiling acetone or cotton tip to agitate to assist the 

lift-off process.  

20) Use acetone, IPA, and DI water to clean the sample and blow dry by N2 air.  

21) Use RTA in vacuum mode to anneal the metal contact at 400 °C for 30 seconds. 

When increase to and decrease from 400 °C, use an intermediate temperature of 

250 °C for 30 seconds to avoid thermal shock. The steps of the RTA steps 

parameters are list below: 

 Ti 
(initial) 

Tf (final) delta 
time 
(second) 

Vacuum Purge H2N2 
flow 

N2 
flow 
(sccm) 

1 20 20 120 on - - - 

2 20 20 120 - on - - 

3 20 20 120 on - - - 

4 20 20 120 - on - - 

5 20 20 600 on - - - 

6 20 20 30 on - - 1800 

7 20 400 30 on - - 1800 

8 400 400 30 on - - 1800 

9 400 20 30 on - - 1800 

10 20 20 60 on - - 1800 
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22) Use silver glue to glue the sample into chip carrier and use wire bonder to use 

gold wire to connect the metal contacts of the QDIPs to the chip carrier terminals.  

23) Draw a connection diagram to show which terminal the contacts are connected to 

for later device measurement.  
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Appendix B. Experiment Setup for SCM Measurement 
 

1. Connect the application module cable from the port “Sensor MOD” on the 

backside of the Nanoscope IV controller which is situated under the computer 

table, to port “Application Modules” on the backside of the scanning stage.  

2. Remove the AFM scan head from the scan stage. 

3. Carefully install the SCM application module on the AFM scan head on a stable 

surface. Do not touch the wire connection hole under the SCM application 

module, since there is a very sensitive capacitance circuit inside.  

4. Mount the appropriate SCM probe into the SCM cantilever holder. Be sure that it 

is in firm contact with the end of the groove. The SCM cantilever is coated with a 

conducting layer on the surface. There are usually two types of SCM tips.  

1) SCM-PIC, Platinum-Iridium coated (PIC) Si probe 

2) DD-RFESPA. Conducting diamond coated Si probe 

Diamond coated probes are more wear-resistant, but with larger tip curvature, 

therefore providing lower resolution. With proper use, diamond coated probe 

usually can last for hundreds of scans without significant change in image quality. 

PIC probes have smaller tip curvature and better resolution. However, the PIC 

probes can only last a small number of good quality scans before the change in 

resolution is noticeable. Both of the SCM-PIC and DD-RFESPA probes should be 

stored in dry nitrogen atmosphere when not in use.  
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5. Mound the SCM cantilever holder onto the end of the scan head, plug the little 

conducting wire at the end of the cantilever holder into the small hole in the SCM 

application module.  

6. Open Nanoscope V531r1 software on the computer desktop.  

7. The locate-and-focus-tip procedure is the same with contact mode AFM 

measurement. Note the vertical reflection should be -2V, instead of 0V in the 

tapping measurement.  

8. Before engaging the probe for scan, turn off the camera light for sample 

observation to minimize the photo carrier effect.  

9. After engaging the tip, perform a sweep calibration to obtain an optimal 

capacitance sensor frequency. Click “View”, “Sweep”, “Generic SCM” to use a 

0nm distance to perform the sweep calibration.  
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10. A typical sweep curve is shown below. A frequency slightly right to the hump 

should be selected by clicking “Offset”, then moving the green line, and clicking 

“Execute” button on top.   

 

 

11. Disable the “SCM feedback” and engage the probe for a contact mode AFM scan. 

The initial settings to start the SCM scan can be found in the figure shown below. 

For detail understanding of the parameters, please refer to a SCM operation 

manual.  
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12. When a good contact mode AFM scan is obtained, turn on the second channel for 

“dC/dV phase” image, which is typically used as SCM image. The third channel 

is optional for “dC/dV amplitude” or “SCM data”.  

 

13. Set appropriate AC bias value and turn on the “SCM feedback” to fine tune other 

parameters for optimal quality SCM images.  
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Appendix C. Experiment Setup for I-V Measurement 
 

1. Wire bond QDIP devices on a 68-pin chip carrier. Mount the chip carrier onto the 

cold-finger stage of the cryogenic test dewar from J. K. Henriksen and Associates, 

Inc. 

2. There are 17 pins on each side of the chip carrier, which correspond to BNC 

breakout modules for easy interfacing. The diagram shown below reflects how the 

pins correspond to the numbers on the BNC modules.  

 

 

 

 

 

 

 

 

 

 

 

 

 
1   2 3 4  5  6 7  8 9 10 11 12 13 14 15 16 17 
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3. Connect the two terminals of the device through two BNC cables to the SMU1 

and SMU2 on the backside of the Keithley 4200 Semiconductor Characterization 

System (SCS).  

4. Turn on the Keithley 4200 SCS, open the KITE software on the computer desktop.  

5. Choose 2-wire resistor application interface. A sample interface can be found 

below.  

 

6. The start and end bias voltage can be defined after clicking “FORCE MEASURE”. 

7. Take a note of the pin numbers of the two device terminals and the connection to 

SMUI or SMU2 for reproducibility of repeated measurement.  

8. An I-V curve can be found under the “Graph” tag.  
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Appendix D. Experiment Setup for C-V and Photo-
capacitance Measurement 

 

C-V Measurement 
 

1. The wire bonding and the sample mounting processes follow step 1 and 2 

described in “Experiment Setup for I-V Measurement”.  Note the device is a 

Schottky diode.  

2. Connect Keithley 590 CV analyzer with Keithley 4200 SCS using a GPIB cable.  

3. Connect the two terminals of the device to the BNC connections in front of the 

590 CV analyzer labeled as “Input” and “Output”.  

4. Turn on the Keithley 4200 SCS, open the KITE software on the computer desktop.  

5. Choose capacitor application and click “cvsweep” interface. A sample interface 

can be found below. The settings of the C-V measurement can be found under the 

“Definition” tag as shown in the figure.  
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6. The C-V measurement result can be found under the “Graph” tag as shown in the 

example displayed below.  
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Photocapacitance Measurement 
 

1. The connections of the photocapacitance measurement are the same with step 1-4 

in the C-V measurement procedure described above. 

2. The photocapacitance measurement is usually performed at low temperature, for 

example, 25 K.  

3. The device is cooled down in the cryogenic test dewar under dark condition, using 

continuous flow liquid Helium. Before turn on the liquid Helium flow, the 

cryogenic dewar should be pumped to vacuum using the turbo pump for at least 

30 minutes to avoid moisture condensation on the device at low temperature.  

4. When the device is cooled down in the dewar, the device should be connected to 

SMU1 and SMU2 to supply a continuous current through the device using 4200 

SCS before the low temperature is reached. The continuous current flow can keep 

the defects occupied by carriers when the temperature decreases.  

5.  When the destination temperature is reached, switch the device terminal BNC 

cables from 4200 SCS SMU1/SMU2 to 590 CV Analyzer Input/Output.  

6. Choose capacitor application and click “ctsweep” interface. A sample interface 

can be found below. The settings of the C-T measurement can be found under the 

“Definition” tag as shown in the picture displayed below. 
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7. After turning on the ctsweep measurement, use an incandescent light bulb source 

shine on the device through a ZnSe optical window.  

8. An increase in the capacitance can be observed when the device is exposed to the 

light. A capacitance quenching can only be observed for devices with metastable 

defect centers. An example of ctsweep without quenching effect is shown below.  
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