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Summary:

A theoretical method for calculating the electron mobility in quantum dot
infrared photodetectors is developed. The mobility calculation is based on a time-
dependent, finite-difference solution of the Boltzmann transport equation in a bulk
semiconductor material with randomly positioned conical quantum dots. The quantum
dots act as scatterers of current carriers, resulting in limiting their mobility. The
calculated values of the mobility are used in a recently developed generalized drift-
diffusion model for the dark current of the device in order to fix the overall current
scale. The results of the model are verified by comparing the predicted dark current
characteristics to those experimentally measured and reported for actual InAs/GaAs
quantum dot infrared photodetectors. Finally, the effect of the several relevant device
parameters, including the operating temperature and the quantum dot average density,

is studied.
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Abstract

The quantum dot infrared photodetector (QDIP) is one of the most promising
candidates for infrared photodetection. According to theoretical studies, its performance
is expected to be superior to that of an infrared photodetector making use of more mature
technologies such as an HgCdTe or a quantum well infrared photodetector (QWIP).

Although there is a lot of experimental and theoretical research work on QDIPs,
there is no complete theoretical model for the device, even one for its dark current which
is perceived as noise and limits its sensitivity and maximum operating temperature. In a
previous work, an almost microscopic generalized drift-diffusion model of the dark
current characteristics has been developed, and shown to successfully predict the dark
current dependence on the biasing voltage up to an overall scale factor that could not be
determined due to the lack of reliable values of the carrier mobility in the presence of the
quantum dots.

The purpose of this thesis is to develop a theoretical method for calculating the
electron mobility in QDIPs and use it to complete the above-mentioned dark current
model. The mobility calculation is based on a time-dependent, finite-difference solution
of the Boltzmann transport equation (BTE) in a bulk semiconductor material with
randomly-positioned conical quantum dots. The quantum dots act as scatterers of current
carriers (conduction-band electrons in our case), resulting in limiting their mobility. In
fact, carrier scattering by quantum dots is typically the dominant factor in determining
the mobility in the active region of the quantum dot device. After studying the
dependence of the mobility on various relevant parameters, the completed model is
verified by comparing the dark current characteristics it predicts to those experimentally
measured and reported for actual InAs/GaAs devices. Finally, the effect of the various
relevant device parameters, including the operating temperature and the quantum dot
average density, is studied. The next step should be the extension of the model to the
calculation of the photocurrent.

Keywords: Quantum dot infrared photodetectors, quantum dots, mobility, dark current,
Boltzmann transport equation



Chapter 1 : Introduction and overview

The nanostructures have been developed decades ago and they have been expected
to significantly improve the existing devices as they have a lot of promising properties,
especially the quantum dots!'M® which are expected to be superior to competing
nanostructures. In Quantum dot-structures, the size of quantum dot is comparable to
molecular size and the band gap can be accurately tuned by changing the shape and size
of QDs and the composition of the material. The tunability of the band gap is a very
important optoelectronic property as it allows the tuning of the absorption and emission
spectrum. Thus, the quantum dots have a lot of applications in optoelectronics, and one
of the most important of them is quantum dot infrared photodetector.

The quantum dot infrared photodetector (QDIP) is one of the most promising
candidate for infrared photodetection, as it is expected to have a superior performance to
more mature infrared photodetectors such as mercury cadmium telluride photodetectors
(HgCdTe) and quantum well infrared photodetectors (QWIP) 71, The QDIP is expected
to have lower dark current which is considered as noise that limits the sensitivity of the
photodetector, in addition, it can operate at higher temperatures 7], and can detect the
normal incident radiation while other types like QWIP cannot 181,

Modeling of QDIP is very important to optimize its performance. One of the most
important and significant parameters to be modeled is the dark current. The dark current
of photodetectors is perceived as noise since it is the current that is generated and flows
in the photodetector in the absence of incident optical signal. In addition, dark current is
considered as the main factor limiting the maximum operating temperature of the
photodetector.

There are many experimental M5 and theoretical [1°H31] studies of QDIPs which
mainly aim to develop models of important parameters such as the dark current to
predictively analysis the performance of QDIPs. Most of those models proposed for
the device consider the device dark current to be space-charge limited, and are generally
semi-phenomenological in the sense that some of their parameters are not related to the
structure and the material properties of the device but are fitted to experimental results!!®*
(271, The few suggested fully microscopic models deal with either a highly reduced
geometry 28 or more complicated structures designed to reduce the dark current 29H31],

In 21, a model for calculating the dot filing and the dark current profile of QDIPs
has been presented. This model is almost microscopic as it gives the correct dependence
of the dark current on the applied biasing apart from the overall current scale which could
not be fixed in the lack of reliable values of the carrier mobility in the presence of the
conical QDs; and this was the main motivation to develop a complete theoretical method
for the calculation of the mobility for QDIPs. In addition, calculating the mobility is so
necessary to determine other important parameters such as the electrical conductivity,
diffusion constant, drift velocity, and the current flows through a device. Moreover, the
mobility itself is an important parameter for any optoelectronic device as it is the measure
of how fast carriers flow in the device due to an electric field. It is the key parameter in
transport simulation and need to be determined in any electrical device.

There is no study to determine mobility or other related parameters such as velocity
in QDIPs and it is usually determined empirically; however, there are some theoretical
studies 334 done to determine the mobility or mobility-related parameters such as
velocity or relaxation time in other devices and structures. Unfortunately, most of these

1



studies use approximated methods that might not be valid for many realistic devices or
scattering mechanisms.

As there’s no complete theoretical model of dark current and no reliable values of
electron mobility in QDIPs, we were motivated to present in this thesis a fully theoretical
procedure for calculation the electron mobility in quantum dot infrared photodetectors,
and use it to complete the dark current model presented in the previous work 21 to get
the values of dark current, not only its profile. The completed dark current model and the
mobility calculations are generic and can be applied for other QDIPs with different
semiconductor compounds, number of quantum dot layers, quantum dot density in layers,
or dimensions and with some modifications it can be used with other shapes of quantum
dots such as semi-spheroid or pyramidal quantum dots or even with other optoelectronic
devices based on quantum dots. In addition, the mobility calculations can be extended to
calculate important parameters such as the photocurrent of the device which is the current
flowing through the photodetector due to exposure to illumination.

After this brief introduction of our study, we will have an overview over quantum
dot infrared photodetectors. First, we will discuss the infrared systems and their
applications, infrared photodetectors, quantum dots, their applications and their
fabrication techniques. Then, we represent a survey over modeling of QDIP, especially
modeling of its dark current. After that, we will discuss the mobility and the Boltzmann’s
transport equation as it is the core of the method of electron mobility calculation for
quantum dot devices that will be developed in chapter 2.

1.1. Infrared systems

The electromagnetic spectrum is divided into regions according to their wavelengths;
the ultraviolet, the visible light, and the infrared. Infrared radiation is the region of
electromagnetic spectrum with wavelengths ranging from 700nm to Imm. As discovered
experimentally, the different objects emit different radiations depending on the
temperature of these objects. The concept of blackbody (like sun or human body)
radiation gives an explanation of this phenomena as shown in Figure 1-1 where the
intensity of the blackbody radiation is plotted for different temperatures. It shows that
most of blackbodies have their radiation peaks in the infrared region (700 nm to 1 mm)
except at very high temperatures.



