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Abstract
In this work, the band structure of a Unipolar Barrier Infrared Detector has been simulated. The
sensor’s design proposal is based on a previous study carried out by the author. The device consists
of a heterostructure containing InAsSb, a prominent semiconductor material in infrared sensing,
and lattice-matched AlInAsSb. The former constitutes the contact and the active absorption layer,
while the latter has been used as the barrier layer.

The Poisson-continuity solver presented in this work aims to be a helpful tool in the design of
infrared photodetectors. The script solves the Poisson Equation and the continuity equation for
holes using the Newton-Raphson method with a Finite Differences scheme. The modelling of the
material parameters has been taken from literature and adapted to the context of the device. From
there, the solver uses the built-in values of those parameters to approximate an initial solution
to the electrostatic potential of the heterojunction (V ). Using an iterative process, the initial
guess is refined until convergence is met. The electrostatic potential after each iteration is used to
calculate the gradient of the hole quasi-Fermi level (Efh) outside thermal equilibrium. Once the
Poisson and the hole continuity equations are solved, V and Efh help to build the band structure
of the heterostructure. With this information, other relevant quantities such as the distribution of
carriers at the band edges across the device, the electric field profile and the dark current density
(Jdark) are calculated.

Relevant figures in the detector’s performance have been reviewed and the analysis of the simula-
tions results are in good agreement with that reported in the literature, showing the solver success-
fully accomplishes its mission. With the design presented in this work, Jdark = 8.2x10−5A/cm2

in saturation at 200 K. The dark current density reported here can compete with other reports
using a similar architecture and material system approaches.
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Preface
This report was submitted in the academic semester in the summer of 2021 for the Department of
Electronic Systems at Norges Teknisk-Naturvitenskapelige Universitet in collaboration with Fors-
varets Forskningsinstitutt. The present work treats a one-dimensional Poisson-continuity solver
adapted to a unipolar barrier photodetector and is presumed to be read by those who already
have preliminary knowledge of these subjects.
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1. Introduction

1.1 Motivation and Background

The work presented in the upcoming lines is the continuation of a project carried out during the
first semester of the second year of the author’s MSc degree. The main goal of this work was to
write a program able to accurately replicate the characteristics of a unipolar barrier photodetector
in terms of its band structure, carrier densities and electrostatic potential. Once these parameters
have been calculated, the performance of the device can be evaluated as well as some tendencies
that the detector may manifest at certain conditions.

The motivation behind the development of this thesis is to contribute to the design of infrared
detectors with new III-V semiconductors with a useful computational tool. The Poisson-continuity
solver aims to reliably represent the band structure characteristics which will ultimately determine
the performance of the device.

The design of the unipolar barrier infrared photodetector is based on a previous study performed
by the author on this sort of devices. By using the Poisson-continuity solver, those initial designs
have been optimized and updated while studying the properties of the proposed material system.

This thesis is divided into six basic chapters. First, an introduction to basic concepts of the
infrared, the possible applications of the studied devices and the state-of-the-art material system
that is aimed to overcome. Next, in Chapter 2 there will be a summary of the basic theoretical
concepts needed to understand the working principle of the photodetectors as well as the theoretical
basis to the methods employed in the solver. Chapter 3 describes the conception of the solver.
Later, in Chapter 4 the accuracy of the program has been tested by calculating different parameters
and simulating the behaviour of the detector at various conditions. Finally, in Chapter 5 there
is a review of possible modifications, ideas for new directions to optimize the solver and the final
remarks from the performed work. Chapter 6 serves as a conclusion for this work.

1.2 Introduction to IR

The Einstein-Planck relation establishes that the energy of photons, discrete packets of electro-
magnetic energy, is defined by their wavelength (λ), the Planck’s constant (h) and light’s velocity
(c).

E =
hc

λ
(1.1)

Depending on the wavelength of the photons, and therefore of its energy, one can place the
electromagnetic radiation in a specific part of the spectrum. Light in different regions of the
electromagnetic spectrum interacts with matter differently. Take for example the human eye:
only a tiny region of the incoming radiation to our eyes is sensed by the retina. This region of the
electromagnetic spectrum is called the visible range and contains light with wavelengths between
400 and 700 nm. The devices proposed in this work are designed to sense radiation in another
part of the spectrum, the infrared (IR), which is composed of wavelengths above the cut-off for
red visible light at 700 nm and up to 1 mm.

The first description of the IR was given by William Herschel [1], a British astronomer who
discovered it when he was trying to measure the energy distribution of sunlight radiation. Herschel
found that the highest temperature on his thermometer was registered beyond the red light. As
stated before, the IR accounts for wavelengths larger than the visible up to radio wave band. That
is quite a broad part of the spectrum, therefore the classification of the IR radiation is sub-divided
into smaller portions according to the light wavelength.

Near-Infrared (NIR) region is a powerful tool for sensors employing the capabilities of NIR spec-
troscopy, especially for medical applications as it can penetrate deeper into the tissues and requires

InAsSb/AlInAsSb nBn Photodiodes - A Basic Device Model 1



Division Name Abbreviation Wavelength (µm) Photon Energy (meV)
Near-Infrared NIR 0.75 - 1.4 1653 - 886

Short Wavelength Infrared SWIR 1.4 - 3 886 - 416
Medium Wavelength Infrared MWIR 3 - 8 416 - 155

Long Wavelength Infrared LWIR 8 - 15 155 - 83
Far-Infrared FIR 15 - 1000 83 - 1.2

Table 1.1: Classification of the different regions for IR according to their wavelength and photon
energy.

little sample preparation [2]. Short-wavelength Infrared is mainly used in long-range telecommu-
nications since at 1.55 µm the attenuation loss for the optical fiber is minimized [3]. Medium-
wavelength Infrared (MWIR) range goes from 3 to 8 µm and it covers a part of the spectrum where
the IR radiation is strongly absorbed by the atmosphere. From 8 to 15 µm there is the so-called
Long-wave Infrared (LWIR), also named the thermal imaging region, in which sensors can obtain
information from thermal emissions of objects. Finally, the far-Infrared (FIR) region contains
wavelengths up to 1 mm and is broadly used in astronomy to capture cold-matter radiation [4].

IR radiation is emitted or absorbed by molecules when there is a change in the vibrational or
rotational state. IR absorption only occurs for certain wavelengths that correspond to differences
in energy levels of the atoms/molecules. These special conditions for absorption are called selection
rules. The scope of this project is the design and characterization of photodetectors in the MWIR
and LWIR domain.

1.3 Applications

As stated before, one of the fields of science that greatly benefits from IR sensing applications is
astronomy. Planets absorb light from stars and heat up. This radiation will be later emitted as
heat in the IR spectrum region. In our solar system, the temperatures of the planets are close to
the MWIR and LWIR domains (500 to 100 K) [4].

One consideration when discussing possible applications for MWIR or LWIR regimes is the en-
vironmental conditions at which the detectors will operate. As it was previously mentioned, at
certain wavelengths in the MWIR region, the absorption from molecules in the atmosphere reaches
a maximum which makes the operation way more difficult.

Another consideration for choosing between MWIR or LWIR imaging systems is the target tem-
perature. MWIR offers a better thermal contrast - how the signal is normalized to the background
- . For high-temperature targets, the MWIR band gives better imaging and that is why it is chosen
for the detection of missiles, airplanes and other military applications.

Imaging is the field where IR photodetectors have the most to say with many areas of research
that apply directly these technologies. Different approaches are possible depending on the purpose
and the frequency range targeted.

The primary example would be infrared photography and how it has evolved from an artistic
perspective to other areas such as forensic criminology and medicine, with leading companies in
photographic technologies competing in the market. These devices are particularly interesting
because of their versatility since a relatively similar architecture can easily be adapted to multiple
applications in unrelated fields.

Military research has been one of the driving forces to impulse the advance of new material
systems, architectures and strategies for IR sensing. There are many applications related to
defence that benefit from the IR photodetectors. Night vision, for example, exploits the absorption
characteristics of certain materials in IR range to convert the ambient photons into electrons,

2 InAsSb/AlInAsSb nBn Photodiodes - A Basic Device Model



amplify them and convert them back to visible light, increasing the visibility in dark conditions
without needing a visible light source [5].

1.4 HgCdTe

The most common material system for sensing the IR is HgCdTe (MCT). This alloy has been
unbeatable in terms of performance since it was first introduced in the 1960s. A bit earlier, in
1959, Lawson et al. [6] discovered the immense tuning possibilities that appeared when combining
a semiconductor, CdTe, with a semimetal, HgCd. By changing the Hg molar fraction in the alloy,
the band gap could be tuned to a specific value of energy, thus, opening the possibility to cover
all the IR spectrum with just the variation of the alloy composition [1].

For nearly 60 years, MCT has overcome the major issues presented by other material systems, al-
most reaching theoretical limits for device detectivity and responsivity [7]. From the mid-seventies,
the attention turned from photoconductive detectors to photodiodes as they were easier to multi-
plex. Having the detectors arranged as pixels in Focal Plane Arrays (FPAs) opened the possibility
for smaller and lighter structures. Moreover, photodiode-based detectors have less low-frequency-
associated noise, provide a faster response time and are easier to integrate into other device
architectures [1].

The current state-of-the-art of MCT-based photodetectors consists of both homo- and heterostruc-
ture photodiodes. The absorber is sandwiched by two wide band gap layers that help to reduce
dark current when the device is biased.

One of the main advantages that MCT provides in a photodetector is the large minority carrier
lifetime. Generation-Recombination processes in bulk materials are determined by an amalgam of
different factors. In optoelectronics, one of the starting points to improve the device characteristics
is to minimize the non-radiative recombination processes that decrease its performance. In that
sense, MCT has proven the best in the suppression of Shockley-Read-Hall recombination processes
(SRH), or trap-assisted recombination. The long SRH carrier lifetime has been one of the main
features for the wide use of MCT as a photodetector material.

1.5 Beyond HgCdTe photodetectors

MCT photodetectors have been proven reliable and practical throughout the last 60 years. How-
ever, there are some technical issues that the material system has not been able to overcome.
For example, MCT devices are extremely sensitive to material growth techniques as non-uniform
compositions can lead to variations of the wavelength in the LWIR regime. This is especially
critical when it comes to the mass production of FPAs.

Growing MCT epitaxially by Molecular Beam Epitaxy (MBE) is quite more challenging than III-
V semiconductor counterparts due to the high vapour pressure that is necessary to grow Hg [1].
III-V semiconductors show a lower ionic character and are chemically more stable and robust [8].

One path that has been discussed is Sb-based photodetectors with their multiple approaches and
structures. Although InSb has a small band gap and that may deviate its potential applicability
in the MWIR, it can be easily incorporated into a ternary alloy with InAs, which possesses a band
gap suitable for this spectral range. Using these two materials or a combination of them with other
elements, Ga for example, has been the driving force to push the technology development in a new
direction. Superlattice heterostructures based on InAs/GaInSb have shown some promise as the
resulting material system opens the door to new engineering formulas that could out-compete the
current state-of-the-art MCT technologies.

InAsSb ternary alloy can be grown with both MBE and Metal-Organic Chemical Vapor Deposition
(MOCVD) and prevents using Ga in the photodetector’s material system. This element has been
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associated with some undesirable carrier lifetime shortening effects. At the same time, InAsSb
provides some flexibility in terms of the spectral region the device will be working as its band gap
can be tuned with Sb’s molar fraction. Despite its versatility, InAsSb’s band gap appeared to be
very sensitive to the substrate it is grown on, and strain derived from lattice mismatching can
alter its properties [9].

Aside from particular device characteristics improvements that new material systems can bring,
the interest to go beyond MCT detectors is to move towards a greener approach and reduce the
presence of Hg and Cd due to their toxicity.
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2. Theory
The following chapter contains an introduction to the necessary concepts to understand the design
process flow and familiarize the reader with the theory laying behind the proposed photodetector.
The chapter includes a review of basic Heterostructure concepts, the equations self-consistently
solved by the script - Poisson and continuity -, and an introduction to photosensors with special
detail into barrier detectors in the context of the proposed device. Finally, the numerical methods
used in the solver: the Newton-Raphson Method and the Finite Differences Scheme have also been
encompassed in a section within this chapter.

2.1 Heterostructures and Heterojunctions

In the design of photodetectors, it is important to understand that not all materials are suitable
for all situations. One needs to evaluate the application and operation conditions of the device
to choose the proper material system. Thus, it is quite common to find structures that combine
several semiconductors and semi-metals to optimize the device’s characteristics. For this reason,
it is interesting to review what happens at the interfaces between different materials as they will
greatly influence and limit the response of the structure.

The energy band diagrams for devices with position-dependent alloy composition, also called
heterostructures, are not only dependent on how the band gap changes across the structure,
but also on the alignment of the bands between the different constituents [10]. The offsets in
the conduction and valence bands of the different materials determine the alignment type. A
discontinuity in one of the bands between the participating materials in the heterostructure can
severely affect the performance of the device as it can limit the flow of carriers and lead to the
build-up of electric fields.

2.1.1 Types of Alignment

Depending on the relative position of the material’s band edges, the alignment will appear to have
certain characteristics. The three types of band alignment can be described as:

• Type I, the band gap of one of the semiconductors lies totally inside the energy gap of the
other material. The inequalities Ec2 (pink) > Ev1 (blue) and Ev2 (pink) > Ev1 (blue) are
verified.

• Type II, the band gap of one of the semiconductor does not fully lie in the energy range of
the other semiconductor’s band gap. In this situation, Ec2 (pink) > Ev1 (blue) is verified,
but the second inequality is not necessarily true.

• Type III, there is no overlap between the band gaps of the two semiconductors and none
of the previous inequalities are true.

The alignment types described above are shown in Figure 2.1. The band gap of semiconductor 1
is represented by the blue rectangle, while the band gap of semiconductor 2 is represented by the
pink rectangle.

The alignment type has a strong influence on the properties that the device will show later.
Primarily, any discontinuity in the valence or conduction band represents an impediment for the
carrier’s flow from one material to the other. To overcome this sudden energy barrier that appears
at the boundaries between materials, the carriers from the smaller band gap semiconductor need
to gain some kinetic energy to reach the bulk of the large band gap material. This amount of
energy the carriers need to gain is equal to the magnitude of the discontinuity. If electrons in the
conduction band are being considered, this offset is referred to as ∆Ec. If, on the other hand, the
focus is on the valence band holes movement, the energy difference is ∆Ev.
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Figure 2.1: Types of alignment according to the relative position of the band positions of the
semiconductors involved.

The simplest way to predict which kind of band alignment the material stack of choice will present
is to make use of the Anderson’s rule, also known as the Electron Affinity Rule. According to the
work from R. L. Anderson [11], when describing a heterojunction between two semiconductors,
they will both share the same vacuum level energy. From there, one can use the material prop-
erties - mainly the electron affinity and the band gap - to construct the band diagram of the
heterostructure and its band alignment.

The energy difference in the conduction band edges will come from the electron affinity difference
between the two materials,

∆Ec = χ1 − χ2 (2.1)

Another fundamental relation that arises from the Electron Affinity Rule is that

∆Ec = ∆Eg + ∆Ev (2.2)

Where ∆Eg is the difference between the semiconductors band gap.

Although the band alignment comes from the isolated bulk properties of the materials in the
junction, the presence of these discontinuities has an effect when determining the band bending
characteristics and the diffusion of carriers in the space charge regions. The combination of Poisson
equation and the Anderson’s rule gives the final band structure of the heterostructure.

In this work, the case of study heterostructure presents a couple of heterojunctions, one at each
side of the barrier layer. The material of the unipolar barrier is set to be Al0.7In0.3As0.3Sb0.7,
and surrounding it, there are the contact and the absorption layers composed of InAs0.91Sb0.09.
The resulting band alignment at 300 K happens to be type I as the small band InAsSb has its
valence band edge sitting some meV above the valence band edge of AlInAsSb.

For this combination of semiconductors, the relevant parameter to look at is the valence band offset
(VBO), ∆Ev, as its value contributes more decisively to the performance of the photodetector.

2.1.2 The Depletion Approximation

The characteristics of the junction, however, are not solely dependent on the position of the band
edges, but also the doping in the materials, both in type - n or p - and in quantity. The dopant

6 InAsSb/AlInAsSb nBn Photodiodes - A Basic Device Model



Figure 2.2: p−N heterojunction band structure for two semiconductors with some valence band
and conduction band offsets. The alignment is typeI.

densities in the semiconductors will determine the energy of the Fermi levels which, in turn, define
most of the intrinsic characteristics of the device.

At equilibrium, the Fermi level, Ef , across the heterojunction should sit at a constant energy
once the semiconductors have been placed in contact. This should be taken into consideration
when solving the Poisson equation and both the band bending and the charge distribution in the
heterostructure are calculated

Take for example the band structure of a common p-N junction diode like the one in Figure 2.2.
The two semiconductors have been doped differently and their band alignment is type I. It is clear
that in the n-semiconductor the Ef lies above the mid-gap energy and close to the conduction
band. Meanwhile, in the p− type material, the Fermi level is closer to the valence band. When the
two materials are placed together at equilibrium, the energy of the Fermi level across the junction
remains constant and the energy bands bend according to the solution of the Poisson equation.

The built-in potential, Vbi, is equal to the shift in the Ef ’s position from the initial state, when
bulk materials are isolated, to once the heterojunction has been set. It can be described by the
following equation:

qVbi = Efn − Efp (2.3)

This electrostatic potential arises from the different dopant densities and the semiconductor’s
characteristics. Making use of the Anderson’s rule, Vbi can be rewritten for the heterojunction as

qVbi = ∆Ec + kbT ln
Na Nd
nin nip

−
Egp + Egn

2
− kbT ln

Nvp Ncn
Ncp Nvn

(2.4)

Where Na and Nd are the dopant densities, ni is the intrinsic carrier concentration for each
material and Nv and Nc are the valence and conduction band densities of states for each material
respectively.

The magnitude of Vbi is indicative of the electrostatic potential that appears at the junction and,
therefore, of the band bending. Taking the situation described in Figure 2.2, when the p− and n−
materials come in contact, the mobile charge carriers will recombine near the junction creating
a space charge region (SCR) depleted from carriers. The ionized dopants will define two spatial
regions with a charge build-up and an electric field will arise in the so-called Depletion Region.
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The solution of the Poisson equation, which will be treated with greater detail in an upcoming
section of this chapter, gives a measure of the charge distribution in the semiconductors and the
depletion region. The width of such space region is a function of the dopant level densities in the
materials involved in the junction. One can then see the intrinsic relationship between the built-in
potential and the depletion region.

2.1.3 Isotype Heterojunctions

Heterojunctions appear when two different semiconductors are placed together, at those interfaces,
the depletion region extends on both sides of the junction. However, for complicated device
structures, it is convenient to place in contact two different materials with the same dopant type.
In this case, we have an isotype heterojunction and it should be treated a bit differently.

Take the case of an n−N heterojunction. Let’s set semiconductor 1 with a smaller band gap than
semiconductor 2. Also, we assume the band alignment is type II like in Figure 2.3. Now, there is
not an actual depletion region as for the case described before. However, near the interface, the
large band gap material is depleted of majority carriers. The n−N heterojunction in Figure 2.3
is an illustrative example of the band alignment that one will encounter when treating the InAsSb
- AlInAsSb heterostructure at low temperatures.

This charge transfer region in the large band gap material will have a defined width determined by
the dopant level density of the semiconductor [12]. It is possible to make a qualitative analysis of
the interface and see that the built-in potential will be given by the difference in the Fermi levels
for the isolated bulk semiconductors as before. Adapting equation 2.4 to the new scenario gives,

qVb = φN − φn = ∆Ec + kbT ln(
NDNc
NCNd

) (2.5)

ND and NC are the dopant density and the electron density in the conduction band for the large
band gap semiconductor. Nd and Nc are the dopant density and the electron density in the
conduction band for the small band gap semiconductor. φN and φn are the energy difference
between the vacuum level and the Fermi level for the two semiconductors, where, φN is for the
large band gap material and φn is for the small band gap semiconductor. In addition to that, the
built-in potential must be the sum of the potential drop at each side of the interface

Vb = VbN + Vbn (2.6)

The space charge region in an isotype heterojunction deviates from the usual p− n junction. As
mentioned before, the majority carriers of the large band gap semiconductor diffuse away and the
material will be depleted from majority carriers inside the SCR. On the other side of the space
charge region, however, the majority carriers are going to accumulate creating a 2D electron/hole
gas well.
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Figure 2.3: n−N heterojunction band structure for two semiconductors with some valence band
and conduction band offsets. The alignment is typeII.

2.2 Poisson Equation

To simulate properly the device proposed in this work, one needs to solve the Poisson Equation.
Its expression is shown below:

∂

∂x
[ ε(x)

∂V (x)

∂x
] = −ρ(x) (2.7)

Where ε(x) is the position-dependent dielectric permittivity, V (x) is the electrostatic potential
across the heterostructure and ρ(x) is the position-dependent charge density. ρ(x), as shown below,
is described by the electron concentration in the conduction band, n(x), the hole concentration
in the valence band, p(x) and the dopant concentration in each of the materials composing the
diode, Ndop(x).

ρ(x) = q [Ndop(x) + p(x)− n(x)] (2.8)

Ndop(x) in the equation above refers to the effective dopant concentration in the materials. As-
suming full ionization of the dopants, this quantity can be expressed as the difference between the
donor atoms concentration, Nd(x), and the acceptor atoms concentration, Na(x).

Ndop(x) = Nd(x)−Na(x) (2.9)

To describe the concentration of holes in the valence band across the device, p(x), Fermi-Dirac
(FD) statistics are used. The FD distribution, f(E) accounts for the probability of an electron
occupying an energy states, therefore, for a hole the occupation probability of an energy state at
a certain temperature is 1− f(E). In the FD distribution, shown below, the holes fill the energy
states in the valence band according to their energy, E, with respect to the position of the Fermi
level, Ef . kb is the Boltzmann’s constant and T is the temperature.

1− f(E) = 1 − 1

1 + exp((E − Ef (x))/kbT )
(2.10)

For each material, to determine the hole concentration, the FD distribution is weighted by gv(E),
the bulk effective density of states in the valence band. In the equation below, m∗h(x) is the
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hole effective mass as a function of the position and h is the Planck’s constant. gv(E) comes to
represent the density of states in the valence band, with the square root factor being

√
Ev(x)− E.

gv(E) =
8π
√

2

h3
m∗h(x)

√
(Ev(x)− E) (2.11)

With all of this, one can construct the equation for the hole concentration in the valence band.
The expression is shown below.

p(x) =

∫ Ev

−∞

8π
√

2

h3
m∗h(x)

√
Ev(x)− E dE

1 + exp(−(E − Ef (x))/kbT )
(2.12)

On the other hand, gc(E) is the the density of states in the conduction band with
√
−(Ec(x)− E).

m∗e(x) now stands for the electron effective mass. This expression can be used to calculate the
electron density in the conduction band.

gc(E) =
8π
√

2

h3
m∗e(x)

√
−(Ec(x)− E) (2.13)

Similarly to holes, to treat the electrons in the conduction band for the two regions with InAsSb
(contact and absorption layers) FD statistics are taken into account as the Fermi level, Ef , lies very
close to the conduction band, Ec. Using the corresponding gc(E) expression shown in Equation
2.13, the electron density in the conduction band can be calculated as depicted below.

n(x) =

∫ ∞
Ec

8π
√

2

h3
m∗e(x)

√
E − Ec(x)

dE

1 + exp(E − Ef (x))/kbT )
(2.14)

Within the AlInAsSb layer of the device heterojunction, the Fermi level sits several kbT away from
the conduction band edge due to the material being depleted of mobile carriers. Therefore, the
electrons in the conduction band are assumed to follow the Maxwell-Boltzmann (MB) distribution,
as seen in the equation below.

n(x) = Nc(x) exp(−(Ec − Ef )/kbT ) (2.15)

In this case, Nc is referred to as the bulk effective density of states in the conduction band. Its
equation is shown below, with m∗e(x) being the electron effective mass.

Nc = 2(
2πkbTm

∗
e

h2
)3/2 (2.16)

The influence of the electrostatic potential and the applied bias on the band curvature will shape
the distribution of carriers across the device, defining the regions where accumulation and depletion
might happen. Solving the Poisson equation in the heterostructure is the first step to find out the
band profile of the photodiode.

2.3 Continuity equations

When a bias is applied across the photodiode, it is not possible to consider that the Fermi level
is constant in the device, but it is useful to refer to the quasi-Fermi levels for each kind of carrier,
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Figure 2.4: Holes in the barrier layer at Vapp = 0 V can not move to the contact layer on the
left at due to the high potential barrier in the valence band that appear within the barrier layer.
Efh is superimposed to Efe as they share the same position.

both electrons, Efe , and holes, Efh . The new conditions should manifest in a split of the carriers’
quasi-Fermi levels with a magnitude equal to the same applied bias [13].

An applied bias will inject electrons in the sample, and therefore, deviate the carrier population
from its value at thermal equilibrium. However, that is not the only method to push the device
out of equilibrium. In photodiodes, the carrier generation rate can be stimulated by illuminating
the sample with the proper wavelength. The absorption of the incoming radiation by the semicon-
ductor will promote electrons in the valence band to jump into an energy state in the conduction
band generating an electron-hole pair in the process.

These two mechanisms will increase the carrier population in the corresponding bands. The newly
generated/injected carriers are called excess carriers and they will contribute to the conductivity of
the material. The EHP generated from illuminating the sample and the injected electrons from the
voltage source will displace the carrier concentrations from their value at thermal equilibrium and,
thus, move the quasi-Fermi level of the carriers away from the unbiased Ef value. The presence
of the photogenerated EHP will have a more visible effect over the minority carrier population,
and the larger shift will be observed in the minority carrier quasi-Fermi level position.

In the case of the nBn detector, an applied bias is necessary to reduce the valence barrier created
at the heterojunction and enable to collect the photogenerated holes at the contact. As seen in
Figure 2.4, at zero bias the potential barrier in the valence band is too large for holes to overcome
it and move to the contact layer.

When a voltage is applied and the potential barrier is reduced, these excess carriers will be able to
diffuse in the detector and the movement of charges will lead to the appearance of a current within
the device. The double heterojunction at the edges of the barrier layer will lead to a gradient in
the electrostatic potential which, in turn, will create an electric field. The carriers moving by the
action of the E field contribute to the drift current. In nBn photodetectors, the conduction band
offset is so large that the electron drift current is disabled. The main contribution to dark current
comes from those photocarriers able to make it to the edge of the absorber region and have enough
kinetic energy to overcome the valence band barrier. These carriers will later be swept by the field.
At equilibrium, with no applied bias nor sample illumination conditions, the number of carriers
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Figure 2.5: At an applied bias 6= 0 V, holes will be able to surmount the potential barrier and
move to the contact layer. The Electric field inside the barrier layer is high and will sweep the
carriers and contribute to the drift current. The electrons in the contact can not make it to the
absorber because of the large CBO.

traversing the energy barrier will be the same in opposite directions, resulting in zero net current.
However, once the applied bias reduces the barrier in the valence band at the barrier-absorber
junction, it will also enhance the transport of photogenerated carriers to the contact layer. Figure
2.5 is representative of the photocarrier collection once the potential barrier has been reduced.

The other contribution to the current outside of the equilibrium will come from the random
thermal motion of carriers in the semiconductor. This contribution, called the diffusion current,
arises from the uneven distribution of the carriers in the materials. The bending of the energy
bands gives a good hint on that aspect. In the nBn photodetector, there are spatial regions where
the electrons accumulate. In this context, holes and electrons tend to diffuse favouring a gradient
of concentration. Each carrier kind from the photogenerated pair will diffuse in opposite directions,
some are going to recombine eventually, but there will be holes that make it to the edge of the
absorption region, and, if they have gained enough kinetic energy, overcome the potential barrier.
It can be understood how the diffusion of photogenerated holes to the edge of the barrier layer
constitutes the limiting mechanism for the current in the detector.

The hole and electron drift and diffusion contributions are shown in the equations below. As
mentioned before, the drift current for electrons in the nBn detector is negligible. How the different
regions of the device add up to the current will be discussed later on in this thesis.

Jn(x) = q µn(x) n(x) E (x) + q Dn(x)
∂n(x)

∂x
(2.17)

Jp(x) = q µp(x) p(x) E (x)− q Dp(x)
∂p(x)

∂x
(2.18)

In the expressions above, µ is the carrier mobility in the material and D is the diffusion coefficient
at each layer of the heterostructure, D is also carrier dependent. Currents have been expressed as
current densities for holes, Jh, and electrons, Je.
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As stated before, moving out from thermal equilibrium will result in a split of the Fermi level into
the quasi-Fermi levels for holes and electrons. Now, these split Ef represent the new distribution of
carriers once the excess carriers have been taken into account. The carriers added by the optically
generated EHPs will also move favouring a gradient of concentration determined by the position of
the quasi-Fermi levels. In other words, the appearance of a current is directly related to a gradient
of the quasi-Fermi levels. The new dependence is pictured in the equations below.

Jn(x) = µn(x) n(x)
∂Efe(x)

∂x
(2.19)

Jp(x) = µp(x) p(x)
∂Efh(x)

∂x
(2.20)

Even though excess carriers may take a very important role outside the equilibrium, if the radiation
or voltage sources are turned off, the system will relax and return to the equilibrium situation. That
is because of the recombination mechanisms present in the semiconductor. Take, for example, an
infinitesimal piece of material in the absorber region: depending on the generation-recombination
processes happening in that volume, the number of carriers crossing the ”entrance” surface might
be different to the number of carriers crossing the exit surface. Rephrasing it, the rate of change in
the carrier concentration is proportional to the gradient of carrier flux through that region minus
the generation-recombination rate (assuming the recombination rate is greater than the generation
rate), GR(x, t) [13]. If one takes electron and hole charge, the spatial variation of carrier flux can
be understood as a gradient in current density. The situation described here is well modelled for
electrons and holes in the continuity equations.

∂n(x, t)

∂t
=

1

q

∂Je(x, t)

∂x
+GnRn(x, t) (2.21)

∂p(x, t)

∂t
= −1

q

∂Jh(x, t)

∂x
+GpRp(x, t) (2.22)

2.4 Photodetectors

The ability to sense infrared light and other sorts of electromagnetic radiation is a fundamental
part of the technology that surrounds us. A photodetector, or photosensor, accomplishes this
mission by capturing light and converting it into a measurable current.

2.4.1 Photoconductors

The easiest implementation of a photosensor is to exploit the photoconductive properties of the
material without making use of a p−n junction. The mechanism could be described the following
way: an EHP is generated by the absorption of a photon, since the device is biased, the electric
field is going to sweep each carrier kind in opposite directions varying the electrical resistance of
the device depending on the amount of light irradiated on it.

Photoconductors appear to be very suitable for long-wavelength infrared light and their design
flow is simpler than other photosensor devices. No p− n junction is needed, nor epitaxial growth,
which reduces the complications and costs from the device’s architecture design [14].

One of the advantages that photoconductor sensors have upon photodiodes is their ability to
introduce carrier gain. Once the electron-hole pair has been generated, the carriers will drift in
opposite directions. However, since they have different velocities, one of them is going to arrive
first at its corresponding contact. If a majority carrier goes into the wire, another majority carrier
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is injected from the other side. After many of these roundtrips, there would be an accumulation
of carriers and therefore a carrier gain. That is possible if the transit time of the majority carrier,
i.e. the time that it takes to go around the semiconductor, is greater than the carrier lifetime.
However, the photoconductive gain can lead to an increase in the device’s dark current, reducing
the sensing ability of the photoconductor.

The role of contacts is vital to exploit the characteristics of these devices to their maximum, this
is to say, keeping minority carriers ”alive” - without recombining - while the majority carriers go
on multiple roundtrips in the semiconductor. The blocking contacts prevent minority carriers to
enter highly doped contact regions where they will be prone to suffer from recombination. The
band alignment should also prevent minority carriers to tunnel to those contact regions while
keeping the Ohmic character of the junction.

2.4.2 Photodiodes

The most common type of photodetectors is photodiodes. The absorption of photons generates
an electron-hole pair which will be collected and directed towards the contact by the electric field
generated in the depletion region of a p−n junction. In a photodiode, the electric current will be
proportional to the power of the absorbed light.

Solar cells, for example, exploit the properties of p-n junctions to generate electric power from the
absorption of light. When the photodiode is set into a particular configuration, a voltage build-up
in the forward direction appears and the electric power can be extracted from illuminating the
junction. The photodiode is operated then in the photovoltaic mode. If on the other hand, the
diode is reversely biased, the depletion region will increase and that can benefit the response time
of the detector. Operating in this regime also implies dealing with the dark current, which can
limit the performance of the device.

One can reduce the effective dark current by placing a barrier layer that blocks the flow of majority
carriers. By doing that, it is possible to selectively filter the majority carrier contribution in certain
space regions. This is the approach chosen in this work and a more detailed explanation of this
kind of photodiodes will be presented in the upcoming section.

If the operational conditions of the photodetector in terms of reverse bias are pushed, new phe-
nomena will appear. At high reverse bias, the electric field inside the device will be high enough
to trigger carrier multiplication processes. The internal gain can enhance the properties of the
photodetector. This avalanche process of carrier multiplication gives the name to the detectors,
Avalanche photodiodes (APD).

2.4.3 Photodiode Architecture and Technology

The design of a suitable photosensor should be closely linked to the requirements needed for its
application. The desired dark current levels, target spectral range and device’s responsivity are
going to set the standards for the technology employed in the detector as well as the architecture
approach one should follow.

PIN photodiodes

The PIN photodiode is the most basic and known architecture approach when it comes to light
sensing. The combination of materials with n−type and p−type dopants is going to translate
into the appearance of a depletion region: a spatial region empty of mobile carriers with a strong
electric field. Photogenerated carriers one diffusion length away from the edges of the depletion
region are going to be swept by the field into one of the contacts.

From this simple principle, many variations have been introduced throughout the years. Doped
semiconductor absorption layers have been substituted by more complex heterostructures, such as
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type II superlattices, that can offer better performance in terms of dark current. In order to push
the detection limits of the basic PIN photodiodes, modifications in the device’s architecture have
also been made. One of them is the presence of a unipolar barrier to block the flow of majority
carriers and deactivate its contribution to the dark current. This work is based on the idea of such
kind of photodetectors and in the upcoming pages, a more detailed explanation of the working
principles of these devices will be given.

Avalanche photodiodes

Avalanche photodiodes (APD) are one of the primary device structures for sensing IR radiation.
The operational conditions of this architecture make them suitable for low-light-level applications.
APD have the particularity to overcome the unitary-gain condition of many photodetectors.

In the absorber layer of the APD, an EHP is generated upon the absorption of a photon. The
photogenerated carriers, however, are accelerated by a high electric field. If the carriers gain
enough kinetic energy they are able to create another EHP from a collision with a bound electron.
Therefore, each absorbed photon in the absorber layer will generate an EHP that will create M
secondary EHP increasing the photocurrent substantially.

The amplification of the photocurrent, however, is limited by the stochastic nature of the mul-
tiplication process. The first theoretical description of the carrier multiplication was done by
McIntyre [15]. In his Local Field Model, McIntyre inspected the properties of the multiplication
gain and introduced the excess noise factor, which limits the detectivity of the device.

Assume that an electron-hole pair is generated in the absorber layer of an APD by an incoming
photon. This electron will naturally travel within the material undergoing several scattering
events, however, in the presence of an electric field, the carrier will be accelerated and gain some
kinetic energy. If the energy of this primary electron, E1, is higher than Eg it will be able to
generate another EHP through a collision with another electron. This process is called impact
ionization. The secondary electron promoted to the conduction band will also undergo a similar
process, generating an avalanche of EHP generated with a single absorbed photon.

To characterize the ionization events, it is useful to introduce the impact ionization coefficients,
which describe how often a carrier suffers from an ionizing collision within the material. The
expression for the impact ionization rates for electrons (α) and holes (β) are shown below. α and
β increase with the electric field as the carriers need to travel a shorter distance before undergoing
an ionizing scattering event [16]. On the other hand, α and β tend to decrease as a function of
temperature because the energy of the carriers is delivered mainly to the crystal lattice [17].

α = α0 · exp(
−E0

E
) (2.23)

β = β0 · exp(
−E0

E
) (2.24)

k =
β

α
(2.25)

A representative material parameter for APD is the k-ratio as it determines the device bandwidth
and noise levels [16]. For materials that use electrons as the main multiplying carrier, as is the
case for InAsSb alloys, the aim is to look for k ∼ 0.

The excess noise factor F described by McIntyre [15] is a function of the k-ratio and the multiplic-
ation gain (M ). Suitable materials for APD are desired to have the lowest possible k-ratio values,
thus, the multiplication gain can be pushed higher without increasing the excess noise factor and
the noise signal. McIntyre’s equation of the excess noise factor is shown below.

InAsSb/AlInAsSb nBn Photodiodes - A Basic Device Model 15



F (M) = kM + (1− k)(2− 1

M
) (2.26)

As good as McIntyre’s avalanche theory [15] is, it does not take into account the dead-space effect
introduced by Hayat et al. in 1992 [18]. This non-local model incorporated the carrier history into
the calculations [19]. This means that a newly generated carrier from an ionization process must
travel a certain distance to acquire enough kinetic energy to contribute to ionization itself, such
distance is called the dead-space [18]. The dead-space effect enables the excess noise factor F to
go below 2, which is the limit imposed by the McIntyre theory (F = 2, when k = 0 and M =∞
in the equation above).

The first reported APDs were rather simple structures. The devices resembled PIN diodes in
which the photon absorption and the multiplication happened in the same layer [20, 21]. To
achieve multiplication gain, a high electric field is required, consequently, strong band-to-band
tunnelling can also appear, leading to a rapid increase of the dark current.

In addition to that, materials with good k-ratio may not be suitable to sense in a specific IR range,
or the other way around, materials with a desired band gap and absorption coefficient may not
show good multiplication characteristics. To solve these problems, another approach was taken,
and the structure was provided with separated layers for absorption and multiplication, enabling a
higher degree of tunability for APDs. This device architecture is the so-called Separate Absorption
Charge Multiplication layer avalanche photodetectors or SACM APDs.

The working principle of the SACM photodiode is quite similar to a regular PIN diode in the
avalanche operational regime. The difference is that now the photogenerated carriers will be
swept through a high electric field layer before the multiplication can happen. Different spatial
regions for different functions within the photodiode have direct benefits in the applicability of
the device while opening the door to incorporate better-suited materials that can optimize the
performance of the detector.

Type II Superlattice Absorbers

As firstly proposed by Sai-Halasz et al. in 1977 [22], Type II superlattices (T2SL) take advantage
of the band alignment between semiconductors to exploit new properties in solid-state based opto-
electronic devices. In this heterostructure, the conduction and valence band of the semiconductors
follow the type II alignment presented in Section Heterostructures and Heterojunctions - Types
of Alignment of Chapter 2. In T2SL, the CB of one of the semiconductors is located very close
(type II) or even below (type III) the VB edge of the other semiconductor. With this new band
structure arrangement is possible to confine the electrons and holes wavefunctions in the different
materials.

T2SL properties can greatly differ from their bulk constituents, thus, allowing another degree of
tunability to the device structure and give rise to new optical and electrical properties [22]. For
example, the band gap of the T2SL is defined by the difference in energy between the first electron
level in the conduction band (C1) and the highest heavy-hole level in the valence band (HH1). The
energy of the band gap can be tuned by choosing the proper substrate and coherently straining
the lattice [23]. Another property that can be enhanced in the T2SL is the carrier lifetime, as
the spatial separation of carriers due to the band structure can effectively suppress the Auger
recombination processes[24].

Superlattice’s period, layers’ thicknesses, and Sb molar composition are the main parameters to
play with when designing an InAs/InAsSb T2SL absorber [23]. The absorption coefficient, for
example, is very dependent on the superlattice period. Shorter periods give better absorption
coefficient as the carrier wavefunction is enhanced by thinner semiconductor layers, however, as
InAs and InAsSb are not closely lattice-matched, shorter periods give rise to higher strain in the
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growth direction reducing the minority carrier lifetime and the Quantum Efficiency (QE) [25].

Another issue that reduces InAs/InAsSb T2SL integration possibilities is the Fermi level surface
pinning over the conduction band minimum. That is an added difficulty to its viability for being
incorporated in APDs, where the required dopant type is p (as k ∼ 0 and the impact ionizing
carrier will be electrons). Having opposite conductivity types in the bulk and the surface will
create dark current pathways at the surface if the device is not properly passivated.

2.5 nBn Photodetector

The previous section was a brief introduction to the different sort of photodiodes one can encounter
as well as some of the technological approaches that are being used nowadays. When talking about
PIN photodiodes, the possibility to introduce a unipolar barrier into the heterostructure to reduce
dark current densities was mentioned. This thesis has focused on the study of such photosensors
and developing a reliable simulation script to predict the behaviour of barrier photodetector in
different conditions. The following section contains an overview of the working principles, the
advantages of general barrier photodiodes and a detailed description of the designed detector,
highlighting the role of the constituent layers and the materials of choice.

2.5.1 Working Principle

In its structural aspects, Unipolar Barrier Infrared Detectors (UBIRD) resemble very much the
regular PIN diodes. The electric field enclosed in a space charge region, resulting from a hetero-
junction, will help to sweep the photogenerated minority carriers to their corresponding contact.
The difference is that the flow of majority carriers will be prevented due to the presence of large
band gap material which serves as a potential barrier.

The potential barrier can act in the valence band, if the majority carriers are holes, or in the
conduction band in the case that electrons appear to be the majority carriers. The selection of the
dopant type in the detector’s layers is not arbitrary at all, rather it is closely linked to the material
choice. For this work, the absorber has been chosen to be the ternary alloy InAs0.91Sb0.09.

InAsSb has proven to be a reliable material as an absorber for barrier photodetectors due to its
band gap tunability with Sb molar composition and its good absorption characteristics. However,
the InAsSb surface Fermi level is pinned above the minimum of the conduction band which can
lead to surface current channels if the dopant type of the bulk differs from the n-type surface.
Kopytko et al. [26] showed how the surface current for n-type absorber can be effectively reduced,
with the bulk dark current being the only component for the dark current.

In comparison to MCT, InAsSb barrier photodetectors are more stable to higher temperature
conditions. Additionally, the band gap is not so sensitive to composition inhomogeneities which
makes them more reliable for mass production and the fabrication process is more flexible [27].

There are different approaches to incorporate this material into the photodetector structure. One
possibility is to design a PIN-like diode with a barrier. With this architecture, a depletion region
will appear at some interface giving rise to SRH generation-recombination processes that can
minimize the efficiency of the design. The approach that was chosen for this work, however, is a
so-called depletion-less barrier photodetector in which all the components have the same dopant
type. A small charge transfer region will appear at the heterointerface between the absorber and
the barrier layers [28]. In spite of that, the structure can reduce the GR mechanisms associated
with the presence of a depletion layer. Including a wide band gap semiconductor in the barrier layer
also reduces the effect of misfit dislocations to the dark current in comparison with conventional
p− n junctions [29, 30, 31].

Unipolar barriers are not the only engineering solution that has been proposed for reducing dark
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Figure 2.6: Schematic of the carrier collection of the nBn photodetector.

currents. Usually associated with type II superlattices, these strategies consist of introducing wide
band gap materials between the superlattice semiconductors to modify the envelope wavefunction
overlap of holes and electrons. These variations are named W [32], N [33] or M [34] due to the
shape the barrier gives to the band structure. Ting et al. [35] proposed in 2009 a heterostructure
with both hole and electron barrier (CBIRD), this approach, also targeted to T2SL absorbers,
showed great current responsivity at 77 K. However, bulk photodetectors have a better perform-
ance in terms of dark current densities and quantum efficiency than T2SL, Quantum Wells Infrared
Photodetectors (QWIP) and Quantum Dots Infrared Photodetectors (QDIP) [36], especially at
High Operating Temperatures (HOT). Another characteristic that makes UBIRDs especially in-
teresting is the possibilities they offer in terms of multi-colour functionality, that is to say, the
same heterostructure is capable of precisely detect different spectral regions just by changing the
biasing conditions [29, 37].

Taking those factors into consideration, the best architecture choice to incorporate bulk InAsSb
as the absorber material is an nBn photodetector, with the collector, barrier and absorber having
all n− type conductivity.

For an nBn photodetector, an EHP will be created upon the absorption of an incoming photon
in the InAsSb layer. From there, electrons and holes will move to opposite sites of the structure.
In a barrier photodetector, a wide band gap material is incorporated into the structure to block
the majority carrier flow to the absorber layer. Holes will move to the barrier layer and will be
collected at the n-type contact. A schematic of the device basic working principle is shown in
Figure 2.6

An important consideration when choosing a suitable barrier material for the heterostructure is
to minimize valence band offset at the absorber-barrier and barrier-contact junction. By doing
that, one ensures that no hole-block barrier appears at the heterojunction. This would result in
difficulties to the minority carrier collection process [38]. To combine with InAsSb, usually, the
preferred materials are binary, ternary or quaternary alloys containing Al and Sb which ensures
large band gaps and tunable VBO with composition [28, 39, 40].

2.5.2 Material System

InAsSb-based infrared photodetectors research began back in the 1970s when they were grown
by Liquid Phase Epitaxy (LPE) [41]. Later, it was shown that nearly lattice-matched InAsSb
on GaSb produced the best detector characteristics [42]. InAsSb band gap’s tunability makes it
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suitable for detecting in both LWIR and MWIR spectral ranges [9].

Lattice Constant

The lattice constant of the ternary alloy can be obtained by linear interpolation taking into account
the parameters of the binary compounds [43], in this case, InAs and InSb. That is to say,

aInAsSb = aInAs(1− xSb) + aInSbxSb (2.27)

Parameter InAs InSb

a 6.0853 Å 6.4794 Å

Table 2.1: Lattice parameters for InAs and InSb.

GaSb has a lattice constant equal to 6.1 Å, to obtain the lattice-matchig condition the molar
fraction has to be xSb = 0.09. The values in Table 2.1 have been taken from [44].

Band gap

In 1973, Wieder and Clawson [45] derived an equation for the band gap of InAsSb as a function
of molar composition, xSb and temperature, T . The band gap for the InAsSb-based contact and
absorbtion layers has been parametrized using the expression shown below,

Eg(x, T ) = 0.411 − 3.4x10−4T 2

210 + T
− 0.876xSb + 0.70x2Sb + 3.4x10−4xSbT (1− xSb) (2.28)

Valence Band Offset

The valence band offset between the absorber and the barrier layer is presumed to have a big
importance in the carrier transport of the device. To calculate the VBO of InAsSb as a function
of the molar composition, one can use a linear interpolation taking the parameters for the binary
semiconductors, InAs and InSb, and the bowing parameter CInAsSb.

V BOInAsSb = V BOInAs(1− xSb) + V BOInSbxSb − CInAsSbxSb(1− xSb) (2.29)

V BOInAs V BOInSb CInAsSb V BOInAsSb

Parameter (eV) -0.59 0.00 -0.40 -0.50

Table 2.2: Parameters used in the equation above to calculate V BOInAsSb for xSb = 0.09. The
VBO have been calculated taking InSb valence band edge as a reference.

Using the parameters listed in Table 2.2 and xSb = 0.09 in Equation 2.29, it is possible to obtain
V BOInAsSb. The values in Table 2.2 have been extracted from [46].

As shown by Martyniuk and Rogalski [28], the CBO at the AlAsSb-InAsSb interface remains
basically constant with temperature. A similar assumption has been made at the AlInAsSb -
InAsSb heterointerfaces, so the expansion or shrinkage of the InAsSb band gap will only affect the
VBO. The band gap of AlInAsSb has been assumed to remain constant with temperature. In this
way, V BOInAsSb (T ) can be calculated the following way,

V BOInAsSb(T ) = V BOInAsSb(300K)− (EgInAsSb
(T )− EgInAsSb

(300K)) (2.30)
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Calculating the VBO for InAsSb is important, however, the factor with a greater influence on the
current of the detector is the relative displacement between VBOs of different materials, in this
case, InAsSb and AlInAsSb. In a quaternary alloy, A1−xBxC1−yDy, the VBO of each material
with respect to InSb can be obtained as a function of the constituents molar fractions as it follows
[43],

V BOABC = V BOACx+ V BOBC(1− x)− bABCx(1− x) (2.31)

V BOABD = V BOADx+ V BOBD(1− x)− bABDx(1− x) (2.32)

V BOACD = V BOADy + V BOAC(1− y)− bACDy(1− y) (2.33)

V BOABC = V BOBDy + V BOBC(1− y)− bBCDy(1− y) (2.34)

(2.35)

V BOABCD =
(x(1− x))(yV BOABC + (1− y)V BOABD)

x(1− x) + y(1− y)
+

(y(1− y))(xV BOACD + (1− x)V BOBCD)

x(1− x) + y(1− y)
(2.36)

For Al1−xInxAs1−ySby, the parameters to calculate the VBO are shown in Table 2.3 and the
results in Table 2.4. All parameters, but the AlInAsSb band gap [47], have been taken from [46].

AlAs AlSb InAs InSb

VBO (eV) -1.33 -0.41 -0.59 0.00

bAlInAs bAlInSb bAlAsSb bInAsSb

VBO bowing parameter (eV) -0.64 -0.1 -1.71 -0.40

Table 2.3: VBO (top) of different materials and their VBO bowing parameter (bottom). They
were used for calculating AlInAsSb VBO as a function of the constituents’ molar fractions. The
VBO have been calculated taking InSb valence band edge as a reference.

Material Eg (eV) at 300 K VBO (eV) x

InAsSb 0.291 -0.50 xSb = 0.09
AlInAsSb 1.16 -0.53 xAl = 0.7, xSb = 0.7

Table 2.4: Band gap and VBO for the materials present in the photodetector. The VBO have
been calculated taking InSb valence band edge as a reference.

The alignment between the bands of InAsSb and AlInAsSb will be type I at 300 K, however, as the
VBO of InAsSb is dependent on temperature, the alignment will evolve to type II with cooling.

Carrier transport

Mobility in InAsSb has been found using linear interpolation as well. To calculate the carrier
mobility at an arbitrary temperature, the strategy followed by Schuster et al. [48] was used. This
way,

µe,h(T ) = µe,h(300K)(
T

300
)−ζe,h (2.37)

To calculate µe,h(300K), the parameters in Table 2.5, extracted from [48], were used. Once µe,h(T )
is obtained, the value for InAsSb can be calculated by linear interpolation, similarly to the lattice
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Material T (K) µe(cm
2/V s) µh(cm2/V s) ζe ζh

InAs 300 3 x 104 500 0.7212 0.5019
InSb 300 8 x 104 800 1.8572 1.8572

Table 2.5: Mobility parameters for InAs and InSb. InAsSb carrier mobility was calculated using
linear interpolation with the values from the binary compounds.

constant calculation. After calculating the mobility, one can make use of the Einstein’s relation

D = µ
kbT

q
to obtain the diffusion coefficients for both types of carriers.

As it will be explained later, the diffusion current will be limited by the intrinsic carrier concen-
tration, ni, of InAsSb. An explicit expression combining the molar fraction, the temperature and
the band gap was described by Rogalski and Jóźwikowski in 1989 [49]. Such equation has been
used to describe ni in the absorber and it is shown below,

ni(x, T ) = (1.35 + 8.50xSb + 4.22x10−3T − 1.53x10−3xSbT − 6.73x2)x1014T 3/2E3/4
g exp[

−Eg
2kbT

]

(2.38)

Absorption Coefficient

The absorption coefficient (αInAsSb) has been modelled as shown by D’Souza et al. [50]. In their
article, the absorption coefficient was described according to two situations. First, if hν ≤ Eg

αInAsSb = 948.23 exp[170(hν − E0)] (2.39)

E0 = Eg + 0.001 (2.40)

Then, in case hν > Eg

αInAsSb = 800 +
K(hν − Eg − c)

√
(hν − Eg − c)2 − c2
hν

(2.41)

c = 0.5Eg + 0.1 (2.42)

K = 104 + 2x104Eg (2.43)

The only active layer in terms of photocarrier generation in the whole device is the absorber. It
has been assumed that the contact layer has a negligible contribution in this regard.

2.5.3 Design Proposal

The photodiode simulated in this work is an nBn detector based on a double InAsSb-AlInAsSb
heterojunction. The device would be grown on top of a GaSb substrate. At the right Sb molar
fraction (xSb = 0.09), InAsSb will be lattice-matched to the substrate and its band gap within
the MWIR spectral range. Epitaxial growth is decisive to ensure the performance of the device
is optimized, note, however, that strain effects due to misfits have not been taken into account in
the simulation.

The dopant density in the InAsSb-based absorption layer has been kept low to avoid Burstein-Moss
effects once the device is illuminated. If Nd in the absorber is higher than the conduction band
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Figure 2.7: Layout of the proposed nBn barrier photodetector with bulk InAsSb as the absorber
layer.

density of states, the Fermi level will lie within the conduction band energy range. This situation
is called degenerate doping. From Pauli’s exclusion principle it is known that an electron sitting
in the valence band can only be promoted to a state above the Fermi level. Now, the conduction
band edge is below Ef , so, the required energy coming from the illumination source needs to be
greater than the bandgap by an amount equal to the Burstein-Moss shift. Klipstein et al. [51]
showed the effects of high dopant densities in InAsSb. With the proposed ND the Fermi level in
the absorber should lie below the conduction band edge.

Table 2.6 shows the layer thicknesses and dopant densities for the nBn proposed structure. The
barrier layer is AlInAsSb (xAl = 0.7 xSb = 0.7), this material has been chosen for two main reasons:
first, it is lattice-matched to the absorber which enables to fabricate without buffer layers [52, 53].
On the other hand, AlInAsSb has a small VBO with InAsSb (xSb = 0.09) and introduces a big
CBO offset that will prevent electrons to diffuse into the absorber. Figure 2.7 shows the different
layers of the proposed nBn design.

The device has a n+ contact made of InAsSb that acts both as a collector layer for the photogen-
erated electrons and as a buffer layer to mitigate epitaxial strain between GaSb and the InAsSb
absorption layer.

Layer Material Dopant level (cm−3) Thickness (µm)

Substrate GaSb 1x1017 1.00
n+ contact GaSb 1x1018 0.30
n+ contact InAs0.91Sb0.09 5x1017 0.15

n- absorber layer InAs0.91Sb0.09 8x1015 3.00
n- barrier layer Al0.7In0.3As0.3Sb0.7 1x1016 0.28

n- contact InAs0.91Sb0.09 5x1015 0.30

Table 2.6: Structure for the nBn photodiode with bulk InAsSb absorber layer. Materials prop-
erties for each layer are indicated.

2.6 Recombination Mechanisms

Inside the photodetectors, carriers are photogenerated when an incoming photon is absorbed by
the material. If hν ≥ Eg, the photon is able to transfer its energy to a valence band electron and
promote it to the conduction band, generating an electron-hole pair in the process.

A good photodetector must ensure a good carrier lifetime for the photogenerated EHP. The carriers
should be able to diffuse towards the depletion region where they will be swept by the field to the
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contacts. Different mechanisms can shorten the carrier lifetime and they can be originated from
a quite broad range of sources: localized states due to defects or dopants, residual strain in the
lattice, etc.

The carrier lifetime in the photodetector can be described through contributions of the different
mechanisms:

1

τ
=

1

τ1
+

1

τ2
+

1

τ3
+ · · · (2.44)

2.6.1 Shockley-Read-Hall Recombination

When charge carriers recombine and release a phonon instead of a photon, a non-radiative re-
combination process takes place. Shockley-Read-Hall (SRH) is a recombination mechanism that
responds to this description. In SRH, the carrier recombines through localize states in the band
gap of the material where they exchange energy with the lattice emitting a phonon and heat.

In MCT, large carrier lifetime have been observed for MWIR and LWIR [8]. However, Ga-free
superlattices containing InAs/InAsSb have also shown great carrier lifetimes. By suppressing Ga
from the structures and the trap states associated with this material, the carrier lifetimes are
comparable to ones shown by MCT in MWIR [54, 55].

One approach to reducing SRH associated processes is to introduce a wide band gap barrier
material. In this layer, the probability of half band gap trap states is lowered if the Fermi level
is several kbT far from the middle of the band gap [26]. nBn and other depletion-less device
structures are suitable to prevent SRH recombination as they avoid the presence of depletion
region where this mechanism is prominently effective [36].

This architecture without a depletion region prevents the Shockley-Read-Hall trap states to act as
Generation-Recombination centres which are a primary source of dark current [56]. The suppres-
sion of this GR mechanism helps the device to work in a diffusion-limited situation and, therefore,
they have a more reliable performance at higher temperatures and can exceed the detectivity lim-
its of other heterostructures (standard p−n diode) at low temperatures [56]. Shockley-Read-Hall
recombination equation [50] is shown below, however, it has not been included in the final model
as it has little influence in the dark current of the heterostructure as shown by Ting et al. [57].

USRH =
np− n2i

(p+ ni)τn0 + (n+ ni)τp0
(2.45)

2.6.2 Auger Recombination

In the Auger recombination process, the excess energy from the electron-hole recombination is
transferred to another carrier, either an electron or a hole, that will be promoted to a higher
energy state [54]. This phenomenon is especially important at higher temperatures as the number
of free carriers increases. Auger transitions greatly depend on the carrier density of the material, in
that sense, the high degree of tunability of III-V semiconductor superlattices appear to be suitable
to engineer the band properties and suppress the Auger contributions to the carrier lifetimes [58].

Low Auger recombination rates are also observed for bulk InAsSb at 77K [24]. In fact, the carrier
lifetimes for the bulk material appears to be greater than its superlattice counterparts, both with
and without Ga [24].

In narrow band gap semiconductors, like InSb, Auger is predominant within the GR mechanisms
[9]. There are different Auger-type processes for recombination depending on the shape of the
bands involved. In n-type materials, as is the case for the InAsSb layers in this work, the primary
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source of recombination is Auger 1. This process is dominant in InAsSb at high temperatures
[9]. Auger 1 recombination mechanism, also called CHCC, involves two electrons and one heavy
hole. Once the electron and the heavy hole have been annihilated, the excess of energy from the
recombination goes to a third particle, the second electron, that will use it to increase its energy
within the conduction band. The process is non-radiative as no photons are emitted from the
recombination. The equations below show the Auger 1 recombination rate in cm−3/s and the
Auger carrier coefficients in cm6/s [48].

UA1 = (Cnn+ Cpp)(np− n2i ) (2.46)

Cn =
(
m∗e
m0

)|F1F2|2

2n2i (3.8x10−18)ε2∞(1 +
m∗e
m∗h

)1/2(1 + 2
m∗e
m∗h

)

(
Eg
kbT

)−3/2exp[−
(1 + 2

m∗e
m∗h

)Eg

(1 +
m∗e
m∗h

)kbT

] (2.47)

Cp = Cn[
1− 3Eg

kbT

6(1− 5Eg
4kbT

)
] (2.48)

In the Matlab model, Auger 1 has been considered as the limiting mechanism for the carrier
lifetime in the InAsSb layers. Following Rogalski and Orman’s approach [59], and considering
that holes are the only carrier type that will be able to move around the heterostructure, the
carrier lifetime τ has been calculated with the equations below [59]. τ iA1 is the intrinsic Auger1
carrier lifetime and τhA1 takes into account the doping of the layer that is being treated.

τ iA1 = 3.8x10−18
ε2∞(1 +

m∗e
m∗h

)1/2(1 + 2
m∗e
m∗h

)

(
m∗e
m0

)|F1F2|2
(
Eg
kbT

)3/2exp[

(1 + 2
m∗e
m∗h

)Eg

(1 +
m∗e
m∗h

)kbT

] (2.49)

τhA1 =
2τ iA1

1 + (
n20
n2i

)

(2.50)

2.6.3 Surface-mediated Recombination

The discontinuity in the crystal lattice of semiconductors opens the door to trap states associated
with dangling bonds. Surface states can lead to leakage paths that will greatly increase the dark
current of the device.

That is particularly concerning for structures containing InAsSb alloys as its surface Fermi level
is pinned above the conduction band minimum. Surface treatments appear to be necessary for
p−type InAsSb as these conductive pathways can ruin completely the performance of the device
[60, 61]. For n−type structure, this contribution is neglected and in addition to that, nBn InAsSb
has also shown smaller values of surface current density than MCT detectors [26]. Interfacial
defects have also been reported as a limiting factor for reducing the dark current in InAs/InAsSb
superlattices [62].

The surface leakage current is expected to come from surface states and its magnitude depends on
the position of the surface Fermi level [26]. For InAsSb, the surface Fermi level is pinned above
the conduction band minimum, giving it a n−type character [26]. To reduce the leakage current
coming from the surface states, it is important to keep the same conductivity type in the bulk
of the material and at the surface. This is a reason behind the choice of n−doped character of
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the constituent layers of the device. This way, the unipolar barrier does not only block the bulk
current but also the surface contribution [63, 64].

Due to the ability of the nBn heterostructure to neglect certain components of dark current,
this architecture can operate with less noise, and work at higher temperature with the same
performance, or have a better performance at the same temperature as conventional diodes [36].

2.6.4 Radiative Recombination

Following Bellotti and D’Orsogna model for MCT [65], radiative recombination has been intro-
duced into the nBn solver. This mechanism occurs when an electron in the conduction band and
a hole in the valence band recombine, then, a photon is emitted as a consequence of the excess of
energy.

Although, the carrier recombination due to this process is not as dominant as Auger 1 it has been
included in the model. In the equation below, are shown the band-to-band recombination rate UR
and the band-to-band recombination coefficient BR from [65].

UR = BR(np− n2i ) (2.51)

BR = 5.8x10−13ε1/2∞ (
m0

m∗e +m∗h
)3/2(1 +

m0

m∗e
+
m0

m∗h
)(

300

T
)3/2(E2

g + 3kbTEg + 3.75k2bT
2) (2.52)

2.7 Dark Current

Dark current is one of the primary figures to look at when comparing photodetectors. Higher dark
current levels are undesirable for sensors as they increase the noise level and hinder the acquisition
of a meaningful signal. Dark current arises in photodiodes as a result of the thermal generation
of EHP in the depletion region and steadily increases when the device is reversely biased. The
above-described recombination mechanisms can be acknowledged as the primary sources for dark
current.

SRH is very active in depletion regions as mid-gap trap levels are activated, and is the main
responsible for dark current in MWIR devices at low temperatures. Diffusion current is related
to the Auger recombination process. The thermal generation of holes in the absorption layer of
the device will add up to the dark current. As explained before, surface leakage current is another
important contribution to the dark current.

The goal, when designing a photodetector, is to make it work in the so-called background lim-
ited infrared photodetection (BLIP) conditions. In this operational regime, the dark current is
smaller than the photocurrent generated by the background environment. Accessing this opera-
tional regime becomes more and more challenging when the temperature increases as the Auger
recombination mechanism starts to dominate.

Barrier photodetectors are one of the best structure options when aiming to reduce dark current
contributions. nBn designs are able to minimize the impact of SRH by avoiding the depletion region
as the materials that are brought together have the same dopant type [36]. nBn photodetectors also
are capable of eliminating the surface leakage current by choosing a suitable fabrication protocol
[26, 36, 60]. Unlike in common p−n diodes, where the small band gap semiconductor sidewalls are
exposed after etching, the nBn design allows a shallow etch, leaving the wide band gap material
exposed where the dark current is suppressed. Thus, if the structure is designed properly, the
barrier layer can act as a cap over the absorber with no need for additional passivation [29, 57, 66].

The unipolar barrier prevents the flow of electrons from the n− contact layer. This way, any
injected or thermally generated electron will be stopped at the InAsSb-AlInAsSb junction and
eventually recombine, leading to 0 net current coming from that layer [57].
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As mentioned before, the dark current contribution from SRH recombination is mostly suppressed
with the nBn architecture and the dark current is mainly diffusion-limited [56]. Klipstein et al.
reported such behaviour in a depletion-less photodetector with a n−type AlAsSb. The device
showed a diffusion-limited performance up to 180 K at high biases [51]. This was confirmed as
the activation energy was approximately the size of InAsSb band gap at 0K and satisfying the
relation J ∼ exp(−Eg/kbT ). In a diffusion-limited semiconductor, the saturation dark current
density follows the equation

JD = q
n2i
ND

LDiff
τ

β + tanh(
WAL

LDiff
)

1 + β tanh(
WAL

LDiff
)

(2.53)

Where ND is the donor density of the absorption layer, LDiff is the diffusion length in that same
layer, τ is the minority carrier lifetime, WAL is the absorber layer width and β is the surface
recombination velocity. The boundary conditions impose the hole current to be 0 at the absorber-
contact interface, thus, the β term can be neglected [51]. Also, the valence band potential barrier
that appears as a result of the electrostatics of the junction should be taken into account. Only
thermally/photogenerated holes in the absorber with enough kinetic energy to traverse the barrier,
Ehole ≥ Ebarrier − 3kbT will contribute to the dark current [56]. As a result, the dark current will
be described by the following equation

JD = q
n2i
ND

LDiff
τ

tanh(
WAL

LDiff
)exp(

Ebarrier − 3kbT

kbT
) (2.54)

2.8 Contacts

Designing a good device architecture can be in vain if no attention is paid to how the collection of
the photocurrent will happen. In this section, a brief explanation on some contacts considerations
is given and how they can affect the performance of the photodetector.

Ohmic contacts appear to be a great source of recombination processes, thus, it is desirable
to isolate them from active areas [67]. Although the scope of this project is not to dig deep into
microfabrication considerations, some aspects need to be taken into account. By photolithographic
processing, it is possible to displace the optical active regions from the Ohmic contacts and improve
the photodetector’s response [67]. The geometry of the mesa shape can have some influence in the
dark current, as current crowding has been observed in square geometries [68].

At the Ohmic contacts, by definition, the excess carrier density is 0, which pushes the surface
recombination velocity up to infinity, drastically reducing the carrier lifetimes [67]. To prevent
that from happening, n-n+ contacts seem to be a solution as they create an energy barrier for
minority carrier diffusion, without disturbing majority carrier flow [67]. These blocking contact
types are named Hi-Lo blocking contacts (HLBC), in which the difference of dopant density helps
to enhance the carrier lifetime and appear to be the most suitable according to the design goals
set for this work.

2.9 Newton-Raphson Method

The script presented in this work makes use of the Newton-Raphson method for finding the roots
of the Poisson and continuity equations and gives a solution to the spatial distribution of the
potential (V ) and the hole quasi-Fermi level (Efh).
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The procedure is named after Sir Isaac Newton [69] and Joseph Raphson [70], who published a
method for solving polynomial equations in the late 17th century. The Newton-Raphson method
is a root-finding algorithm that iteratively produces better approximations to the roots or zeroes
of a real function.

Function f is defined for a real variable x. In order to find a zero for the function x, an initial guess
is made, x0. If the initial guess is close to the root, we will find that x1 is a better approximation
of the root than x0. x1 and x0 are related by the following expression:

x1 = x0 −
f(x0)

f ′(x0)
(2.55)

This process can be repeated until some convergence criteria is met. The solutions after each
iteration are described as follows,

xn = xn−1 −
xn−1

f ′(xn−1)
(2.56)

The Newton-Raphson method uses the Taylor series expansion to iteratively shape the initial
guess into the definitive solution [71]. Following the notation previously used, consider the set of
equations:

fi(x) = 0, where i = 0, 1, 2, ..., N (2.57)

Here, x is a vector with N components and x0 is the proposed initial solution for the above
equation. After the k-th iteration of the Newton-Raphson solver, the N-dimensional vector is
going to be xk and the k+1-th solution vector will be

xk+1
j = xkj + ∆xkj (2.58)

∆xkj is the j-dimensional correction vector, with j = 0, 1, 2, ...N , that drives the consecutive
iterations closer to convergence with each new step and is the solution of the linear equation

fi(x
k) +

N∑
j=1

∂fi
∂xj
|xk ∆xkj = 0 (2.59)

∆xkj is going to be the working horse of the solver as it can be put into a system of equations

in matrix form that can be solved in Matlab. Additionally, ∆xkj will define the convergence
criteria of the loop. In that sense, when the error of approximation at iteration k is lower than
a predetermined tolerance, the solution will be considered as converged [71]. The equation below
shows how to calculate such an error.

errork =

√√√√ 1

N

N∑
j=1

(∆xkj )2 ≤ tolerance (2.60)

2.10 Finite Difference Method

To solve the Poisson and continuity equations numerically, one can discretize them into finite
steps across the heterostructure with uniform spacing. The different parameters of the materials
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composing the device will be defined in a one-dimensional grid and the above-mentioned equations
are solved for each point by algebraic equations that contain the finite differences and the values of
neighbouring grid points. By implementing this method, one can define the gradient of a quantity
with the following equation

∂f

∂x
≈ fj − fi

∆
(2.61)

i and j are the neighbouring points of the grid and delta is the spacing between them. In a similar
manner, it is possible to write the second derivative

∂(
∂f

∂x
) ≈ fi − 2fj + fk

∆2
(2.62)

Equations 2.61 and 2.62 will be largely used to describe the Poisson and continuity equations
within the Newton-Raphson approach, as will be explained in the upcoming chapters.
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3. Poisson - Continuity Solver
The following chapter contains a detailed description of the Poisson-continuity solver that is the
core of this work. In the upcoming lines, the constituent blocks of the script will be broken down,
highlighting the aim and importance of such parts in the final form of the algorithm. The script
was written in Matlab R2017b and run on the author’s personal laptop.

The motivation behind writing the script was to represent the band structure of the device in an
accurate way to access the characteristics of the design and, from there, check the reliability of
the nBn photodetector proposed in an earlier report. Once the behaviour of the device has been
depicted, the solver opens the door for optimisation of the design in a quick way as the multiple
parameters that influence its performance can be modified easily. The Poisson-continuity solver
aims to be a helpful tool for the design of this kind of photodetector.

The solver makes use of the equations described in chapter 2 and follows the Newton-Raphson
approach to determine the electrostatic potential and hole quasi-Fermi level position across the
device. Once these quantities are computed, the carrier distribution and band structure are
calculated. As explained before, the solver uses the finite difference method to numerically solve
the Poisson and continuity equations.

Before getting deep inside into the details of the solver, some of the general assumptions that were
made to construct the script must be addressed.

• The lattice temperature is assumed to be the environmental temperature at which the device
is sitting. No hot carrier effects were considered.

• Full ionization of dopants is assumed. It would be noted later when the Poisson Equation
is treated, that the effective dopant concentration is equal to the dopant concentrations at
each material layer. As all the layers are doped with donors, Ndop = Nd.

• The band gap of InAsSb changes with temperature and it translates only in changes on the
valence band offset between the materials.

• Applied bias drops within the boundaries of the barrier layer.

• No Generation-Recombination processes are assumed to happen within the barrier layer
width.

• Illumination happens uniformly in the absorber. At every point, the optically-generated
carrier concentration is the same.

3.1 Material Parameters

In the first block of the script, the meaningful parameters for the simulation are listed along with
the physical constants necessary for the calculations. The device’s geometrical parameters, the
thicknesses of the corresponding layers, are also listed in the first lines of the code as well as
the environmental conditions at which the simulation is targeted: applied bias, temperature and
conditions of illumination.

Once the conditions for each layer are set, the script includes a for loop that creates a series of
matrices for each parameter with Npoints + 2 rows. Npoints is a variable that includes the sum of
the thicknesses for each layer, Npoints = tCL + tBL + tAL. The thickness of each layer is given in
nm. The reason to extend the simulation points to Npoints + 2, one at the contact layer edge and
another at the absorber layer edge, answers the need to account for the boundary conditions in
the calculation of certain parameters and obtaining numerically the derivatives at the ends of the
device. The loop is equipped with conditional if statements that ensure that the right material
parameters are described in the right simulation points, according to the predefined architecture
of the device.
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With this loop, one can ensure that all the parameters necessary for the simulation are well
described across the whole length of the device. The initial values for the most important variables
to start the Poisson solver are defined in this loop. Other quantities, like the electron and hole
densities for the isolated materials, are also initially set up here. It is important to mention that
in this loop, the materials that form the heterojunction are not considered to be in contact, so it
is their bulk properties that are being treated. Far from the junctions, the material properties for
InAsSb, both in the contact and absorber layers, need to match their correspondent isolated bulk
values, otherwise, the reliability of the simulation diminishes once the whole device is taken into
account. Table 3.1 summarizes the parameters used for each of the layers taken into account in
the simulation.

Parameter n- absorber layer n- barrier layer n- contact

Material InAs0.91Sb0.09 Al0.7In0.3As0.3Sb0.7 InAs0.91Sb0.09
Band gap 300 K (eV) 0.286 1.160 0.286

Nd (cm−3) 8x1015 0.1− 2x1016 5x1015

εr 15.298 15.500 15.298
m∗h (kg) 0.416m0 0.350m0 0.416m0

m∗e (kg) 0.0197m0 0.0710m0 0.0197m0

µh 300 K (cm2/V s) 527 3000 527
µe 300 K (cm2/V s) 34500 - 34500
Dh 300 K (cm2/s) 13.636 77.625 13.636
De 300 K (cm2/s) 892.687 - 892.687

Table 3.1: Material parameters used for each layer in the Poisson-continuity solver.

3.2 Initial Guess

As mentioned before in chapter 2, the Newton-Raphson feeds from an initial guess made on
the variables that are involved in solving Poisson and continuity equations. To build up this
initial state, a for loop runs for the Npoints + 2 length of the simulation. The initial guess also
contains information about the generation-recombination processes as a function of the initial
carrier distribution.

This first guess considers the heterojunction to be set, so the materials have already been placed
in contact with each other. From there, an electrostatic potential profile arises as a result of
the bulk built-in voltages that should appear in the device, given the material characteristics of
the different layers. Since the dopant densities of the contact and absorption layer are different,
the built-in voltages will also be different. To ensure the continuity of the electrostatic potential
in the heterostructure, there will be a gradient in the initial voltage across the AlInAsSb layer
represented by the linear function below.

V iBL = Vbi1 −m ∗ x tCL + 1 < x ≤ tCL + tBL (3.1)

m =
Vbi1 + Vbi2

tBL
(3.2)

Vbi1 is the built-in voltage that appears at the contact layer - barrier layer junction, while Vbi2
represents the built-in voltage arising between the barrier layer and the absorber. The gradient of
voltage is represented by the slope of Equation 3.1, which takes into account the difference in the
magnitude of these two quantities. The negative sign of Vbi2 has been considered in the expression
above. Figure 3.1 shows the initial guess potential profile at Vapp = 0V and Vapp = −0.3V .
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Figure 3.1: Initial guess potential profile across the heterojunction at two different applied bias.
The electrostatic potential in the contact and barrier layers is the same at different Vapp and their
curves are superimposed. Therefore, only the function at Vapp = 0 V is shown in those regions.

In the general remarks about the solver, it was pointed out that the entire potential drop from the
applied bias was happening within the boundaries of the AlInAsSb electron barrier. This means
that the potential difference between the edges of the barrier layer will be Vapp. Accordingly, the
absorber will be sitting at a constant voltage equal to that same value, and the built-in voltage at
the barrier-absorber end will follow the expression: Vbi2 = V 0

bi2
− Vapp, where V 0

bi2
is the built-in

voltage at equilibrium.

In the above-mentioned first for loop, the conduction and valence band profiles have also been
calculated according to the dopant levels and intrinsic carrier concentration for the layers. The
values are taken to construct an initial band profile. The effect of the applied bias on the band
structure is to pull down q ∗ Vapp (eV) the energy bands of the absorber.

The initial potential profile and band structure are the building blocks to determine the initial
carrier concentration distribution. The carrier concentrations in the band edges at all points of the
simulated heterostructure are calculated using FD statistics for holes and electrons in the contact
and the absorber, and MB statistics for electrons in the barrier layer. As seen in the Poisson
Equation section in chapter 2, to calculate the FD or MB distribution, the Fermi level plays a
very important role. At thermal equilibrium, the Fermi level was set to an energy equal to 0
all across the structure and all the energy values have been calculated with the Fermi level as a
reference. To avoid problems when the device is operating out of the equilibrium, the quasi-Fermi
levels for holes and electrons have been defined.

The applied bias will split the hole and electron quasi-Fermi levels and since the voltage drop from
the applied bias is assumed to be entirely constricted to the barrier layer, the split of Fermi-levels
will mainly happen there. Following Rogalski’s et al. [28] approach, the electrons in the barrier
and absorption layer are assumed to be in equilibrium with each other and the only discontinuity
in the electron quasi-Fermi level is happening at the contact-barrier junction. Meanwhile, the hole
quasi-Fermi level is considered to vary linearly across the AlInAsSb layer as an initial guess, and
to be constant through the absorber layer, sitting at an energy equal to qVapp eV.

This way, the linear function that describes the quasi-Fermi level in the barrier layer is presented
below.
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Efh =
qV app

BL
∗ x tCL + 1 < x ≤ tCL + tBL (3.3)

If the equilibrium conditions are broken due to the presence of an incoming radiation, the EHP
generation and will also produce a shift in the carriers’ quasi-Fermi levels. For typical optical power

densities, from 1
nW

cm2
to 10

mW

cm2
, the majority carrier concentration will not be disturbed by the

presence of the optically generated carriers. This is to say, that in the absorber, ∆nopt << n0

and the electron quasi-Fermi level will remain pinned at its equilibrium value. The situation is
different when minority carriers, holes, are considered. In this case, it is not possible to state that
the optically-generated hole concentration can be neglected in comparison to the equilibrium hole
concentration. The presence of these EHPs will push the absorber hole quasi-Fermi level closer to
the valence band. Using, the FD distribution one can calculate the shift in Efh according to the
theoretical optically-generated hole concentration in the valence band. If all the absorbed photons
yield in a photogenerated EHP,

∆popt = τh αAL
Popt
Eph

(3.4)

Where, τh is the hole carrier lifetime in the absorption layer, αAL is the absorption coefficient of
InAsSb, Popt is the optical power density and Eph is the photon energy. Once ∆popt is obtained,
the FD distribution can be used to calculate the shift in the hole quasi-Fermi level, ∆EoptfAL

, that

the new hole concentration, p = p0 + ∆popt, will induce.

In this part of the script, the dependence of the carrier concentration with the electrostatic po-
tential is introduced for the first time. In chapter 2, it was mentioned that the FD distribution
was being used to describe hole concentration all across the structure and electrons concentra-
tion in the InAsSb-based absorber and contact. Meanwhile, MB statistics were being used in the
AlInAsSb barrier. The electrostatic potential is going to have an impact on the bending of the
bands, therefore, it has been introduced in the energy terms of the carrier distributions. Taking
the equations presented in the Poisson Equation section of Chapter 2, for a bulk material, the
hole density in the valence band will be,

p = Nv
2√
π

∫ 0

−∞

√
−y dy

1 + exp(−(y + ν))
(3.5)

The integral term is called the Fermi-Dirac integral of order 1/2, F1/2(ν) [72]. The energy terms
are substituted by y = (E − Ev)/kbT and ν = (Ev − Efh − qV )/kbT , where ν includes the
electrostatic potential term. Nv is the effective density of states described in the expression below.

Nv = 2(
2πkbTm

∗
h

h2
)3/2 (3.6)

If one only looks at carriers sitting at the bottom of bands and making the assumption that in
the bulk material such carriers have ν >> y, Equation 3.5 can be simplified. For the case of
holes, that means carriers within an average thermal energy distance of the valence band edge,
Ethermal = 3/2kbT , will be accounted. The lower y limit is now going to be −3/2 since the lowest
energy is equal to E = Ev − Ethermal.

p ∼ Nv
1 + exp(−(Ev − Efh − qV )/kbT )

2√
π

∫ 0

−3/2

√
−y dy (3.7)
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The integral part of the expression above can be approximated to 1. A similar process can be
followed for electrons at the bottom of the conduction band.

p(xi) and n(xi) describe the hole and electron concentration at the band edges for each point of the
heterostructure. The density of states has been approximated to the above-mentioned constant
bulk density of states for each material in the heterostructure, Nv for holes and Nc for electrons.
Expressions below depict such dependences.

p(xi) ∼ Nv(xi)
1

1 + exp(−(Ev(xi)− Efh(xi)− qV (xi))/kbT )
(3.8)

n(xi) ∼ Nc(xi)
1

1 + exp((Ec(xi)− Efe(xi)− qV (xi))/kbT )
(3.9)

n(xi) ∼ Nc(xi) exp(−(Ec(xi)− Efe(xi)− qV (xi))/kbT ) (3.10)

The loop described above is the basis that sets the Poisson-continuity solver running. To reduce
the computation time of the script, it is important to provide a good initial guess. The closer to
reality the first input is, the fewer number of iterations will be necessary for the solver to converge.

3.3 Poisson - Continuity Solver

To numerically solve Poisson’s equation, it is necessary to make use of the finite differences scheme
previously presented in chapter 2. For that purpose, the device will be represented in Matlab by
a one-dimensional grid with spacing ∆x. Recall Poisson Equation, but now, the charge density ρ
will be a function of the electrostatic potential at each point of the grid. The initial guess assumes
that we know the potential everywhere in the device. This way, the Poisson Equation will turn
into

∂

∂x
[ ε(x)

∂V

∂x
]|Vi

= − ρ(Vi) (3.11)

Following the finite difference scheme previously introduced,it is possible to define the derivatives
in the Poisson Equation the following way

1

∆x
(∆Vi+1/2 εi+1/2 − ∆Vi−1/2 εi−1/2) (3.12)

Where,

∆Vi+1/2 =
Vi+1 − Vi

∆x
(3.13)

εi+1/2 =
εi+1 + εi

2
(3.14)

Taking the expressions above, the left-hand side of the Poisson Equation becomes

si Vi−1 − di Vi + si+1 Vi+1 = −ρ(Vi) (3.15)

And the newly introduced parameters si and di can be expressed as follows,
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si =
1

2∆2
x

(εi−1 + εi) (3.16)

di =
1

2∆2
x

(εi−1 + 2εi + 2εi+1) (3.17)

Similar approximations are made to obtain the correction factor that will push the Newton-
Raphson-based solver. The correction factor comes from the Taylor’s expansion series in Equation
2.59. In that sense, one will have that at the k-th iteration

−si ∆V ki−1 + di ∆V ki − si+1 ∆V ki+1−
∂ρ

∂V
|V k

i
∆V ki = si V

k
i−1− di V

k
i + si+1 V

k
i+1+ρ(V ki ) (3.18)

Equation 3.18 is what Matlab will solve. To make it work, however, it needs to be expressed in
matrix form. Everything on the right-hand side of the equal sign is going to be fitted inside the
variable Rki . The diagonal term of the matrix, diag, will correspond to everything multiplying
∆V ki , which are di and the derivative of ρ with respect to the electrostatic potential V ki . ρ contains
the dopant density concentration as well as the carrier concentration in each layer, the dependence
of n and p with V (x) have been shown in the previous section. Taking all of this into consideration,
diag will look like the following

diag = di−
1

kbT
(p(V ki )

exp(−(Ekvi − E
k
fhi
− V ki )/kbT )

1 + exp(−(Ekvi − E
k
fhi
− V ki )/kbT )

+ n(V ki )
exp((Ekci − E

k
fei
− V ki )/kbT )

1 + exp((Ekci − E
k
fei
− V ki )/kbT )

)

(3.19)

For 0 < x ≤ tCL and x > tCL + tBL . While for tCL < x ≤ tCL + tBL, diag will be

diag = di −
1

kbT
(p(V ki )

exp(−(Ekvi − E
k
fhi
− V ki )/kbT )

1 + exp(−(Ekvi − E
k
fhi
− V ki )/kbT )

+ n(V ki )) (3.20)

Matrix M contains the left-hand side of equation 3.18 and is a tridiagonal matrix as seen below.
To reduce computation time and memory consumption, M is described in the sparse format of
Matlab. This way, only the terms in the diagonals shown below will be saved in the script, helping
to speed up the calculations.


diagk1 −s2
−s1 diagk2 −s3

−sN−2 diagkN−1 −sN
−sN−1 diagkN

 (3.21)

The system of equations that needs to be solved will follow the expression below:

M · ∆ V = R (3.22)

Matlab possesses an intrinsic function to solve this kind of problems. The eigenvalues will be
stored in matrix ∆ V and using Equation 2.58, it is possible to obtain the updated values for
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the electrostatic potential. The process will be repeated until convergence is reached according to
Equation 2.60.

Once the first eigenvalue problem has been solved, a similar process is followed to obtain a new
function for the hole quasi-Fermi level, Efh , all across the heterostructure. To comprehend the
strategy, it is useful to recall the continuity equations expressions from chapter 2 (2.22) as well as
the equations for the hole and electrons current density ( 2.20). If one assumes steady-state, so it
is to say that the carrier concentration does not change with time, the two sets of equations can
be bundled together to obtain an expression as the following

∂

∂x
[µp(x) p(x)

∂Efh(x)

∂x
]−GpRp(x, t) = 0 (3.23)

The flow of electrons in the heterostructure is highly suppressed with the nBn architecture due to
the presence of the electron barrier between the absorption and contact layers. Electrons injected
from the source in the contact layer will not be able to travel to the absorber and will end up
recombining, so their contribution to dark current is eliminated. Therefore, the variation of the
electron quasi-Fermi level has been neglected. Only the changes in the hole quasi-Fermi due to
the theoretical flow of holes will be considered. Also, the script assumes steady state conditions
so the temporal dependence is neglected.

The approach taken here is similar to what has been described for V . Equation 3.23 is defined at
every point in a one-dimensional grid across the structure, and the correction factor is calculated
at every iteration step solving the eigenvalue problem in matrix form. The finite difference method
has once again been used to numerically calculate the derivatives. The starting point is to dissect
Equation 3.23 in its different components for a point i in the grid,

∂µpi
∂x
|µpi

pi
∂Efhi

∂x
|Efhi

+
∂pi
∂x
|pi µpi

∂Efhi

∂x
|Efhi

+ µpi pi
∂2Efhi

∂x2
|Efhi

−GpiRpi = 0 (3.24)

µpi is the hole mobility in each layer and pi is the hole concentration as a function of both V
and x. GpiRpi is the net generation-recombination rate, as explained in chapter 2 the leading
recombination mechanisms are Auger 1 and radiative recombination. The explicit dependence on
the carrier concentrations for the two mechanisms are also depicted in Equations 2.46 and 2.51.

To proceed, the solver will mimic what has been explained to find the roots of the electrostatic
potential. That is to say, finding a suitable expression for Taylor’s expansion series of equation
3.23. Recall Equation 2.59,

fi(x
k) = −

N∑
j=1

∂fi
∂xj
|xk ∆xkj (3.25)

Equation 3.24 corresponds to the left side of the equal sign in the expression above. Now, the
challenge is to find the Taylor’s series expression of the function. If one only takes the first order
terms of the Taylor expansion,

N∑
j=1

∂fi
∂xj
|xk ∆xkj = sEfhi

∆Ekfhi−1
+ sEfhi+1

∆Ekfhi+1
+ diagEfhi

∆Ekfhi
(3.26)

Where,
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sEfhi
=
µpi pi

∆2
i

− 1

∆i
(
∂µpi
∂x
|µpi

+
∂pi
∂x
|pi µpi) (3.27)

diagEfhi
=

1

∆i

∂µpi
∂x
|µpi

+
∂pi
∂x
|pi µpi −

2µpi pi
∆2
i

+
∂GpiRpi
∂Efh

|Ekfhi
(3.28)

sEfhi+1
=
µpi pi

∆2
i

(3.29)

Taking Equation 3.24 and Equation 3.26 together, one can construct the matrix system and solve
the eigenvalue problem for the hole quasi-Fermi level, Efh . Similar to how it was proceeded to
obtain the electrostatic potential, Matlab is going to solve

MEfh
· ∆Efh = REfh

(3.30)

Where, REfh
is a N-dimensional vector corresponding to the expression of Equation 3.24 at every

point of the grid, and, MEfh
is a tridiagonal matrix with the coefficients shown in Equation 3.26.

A schematic of such a matrix can be seen below,



diagkEfh1
−sEfh2

−sEfh1
diagkEfh2

−sEfh3

−sEfhN−2
diagkEfhN−1

−sEfhN

−sEfhN−1
diagkEfhN


(3.31)

3.4 Final Parameters and Jdark calculation

After the solution has converged, the updated values for V and Efh are introduced back into
the carrier concentration equations and the band structure is computed. Some parameters of
interest such as the electric field distribution, the charge density across the heterostructure are
also calculated.

The position of the energy bands is calculated taking the distribution of the electrostatic potential
after the solver has converged. Then, the values of V are subtracted to the original bulk band
profile energy. Therefore, Ec and Ev are calculated as shown by the equation below.

Ec(x) = Ebulkc (x)− V (x) (3.32)

Ev(x) = Ebulkv (x)− V (x) (3.33)

Once the band structure of the device is obtained, it is possible to define the energy barrier that
holes will encounter in their path from the absober to the contact layer. This energy is calculated
taking the minimum of energy in the valence band and subtracting it from the valence band energy
at the far edge of the absorber region, Ebarrier = −(Evmin−Ebulk). It is considered that a carrier
can traverse unimpeded the valence band barrier when its potential energy is higher than a certain
threshold [56], defined as

Ehole ≥ Ebarrier − 3kbT (3.34)
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With this information and using Equation 2.54 introduced in Dark Current section of Chapter 2
one can calculate the dark current density given a set of initial conditions for a nBn photodetector
with a InAsSb absorption layer.

Jdark = q
n2i
ND

LDiff
τ

tanh(
WAL

LDiff
)exp(

Ehole
kbT

) (3.35)

Figure 3.2 presents an illustrative flow chart of the Poisson-continuity solver in the next page.
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Figure 3.2: Flow chart of the Poisson-continuity solver.
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4. Results and Discussion
In this chapter, the results of simulations carried by the Poisson-continuity solver will be shown.
This includes the key parameters of the chosen material system for the detector. In in addition to
that, representative figures that give an idea of the suitability of the designed device are compared
with values extracted from state-of-the-art research.

4.1 Material Parameters

4.1.1 InAsSb Band Gap Energy

When designing a photodetector, the primary parameter one should take into account is the band
gap energy of the absorption layer material. The band gap energy is going to define the target
spectral region at which the device will work since it is going to limit the electron-hole pair optical
generation processes.

Recalling from basic quantum theory and the photoelectric effect, to effectively convert the in-
coming radiation into electric current, the energy of the photons needs to match or exceed the
semiconductor’s band gap energy. That is to say, the energy of the irradiated photon is enough to
promote an electron in the valence band into a conduction band energy state, generating an EHP
in the process.

In the section about the nBn Photodetector in Chapter 2, the equation describing the band gap
energy evolution of InAsSb as a function of the molar composition and the temperature was
introduced. The expression takes the Varshini effect into account, and how the band gap will
shrink down with the temperature of operation. Figure 4.1 shows the variation of InAsSb band
gap energy as a function of temperature from 0 K to 300 K as described by Equation 2.28 [45].

As depicted in Figure 4.1, the band gap of the absorption layer material decreases with temperat-
ure. In this work, the aim is to focus on High Operating Temperatures conditions which include
from 150 K to 300 K. In this temperature range, the band gap of InAsSb varies between 0.32 eV
and 0.29 eV. That range of energies corresponds to wavelengths from 3.87 µm to 4.27 µm.

The band gap in the absorber will be greatly influenced by the growth conditions of that layer.
Strain effects may distort the band structure of InAsSb, shifting the target spectral range of the
absorption layer. To prevent this from happening, the absorber was grown on top of lattice-
matched GaSb.

4.1.2 InAsSb intrinsic carrier concentration

ni, also known as the intrinsic carrier concentration, is closely related to the expected performance
of the detector. In fact, the dark current will be limited by the number of minority carriers available
in the absorption layer, which is linked to the intrinsic carrier concentration of that same layer.

As shown in Equation 2.38, ni depends on the molar fraction of Antimonide, xSb, the temperature,
T and the band gap of InAsSb Eg. This relation, extracted from [49], explicitly shows a dependence
of ni ∼ exp(−Eg/2). Figure 4.2 displays the variation of the intrinsic carrier concentration with
temperature at HOT conditions.

Figure 4.2 appears to be useful to have an idea of how the dark current evolves with temperature.
At the same biasing and illumination conditions, the expected signal from the detector should be
smaller at lower temperatures as there is fewer available holes in the absorption layer within an
energy range capable to surmount the potential barrier.
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Figure 4.1: Evolution of InAsSb band gap with increasing temperature at molar fraction xSb =
0.09.

Figure 4.2: Evolution of InAsSb intrinsic carrier concentration with increasing temperature, in
the range between 150 K to 300 K, at molar fraction xSb = 0.09.
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Figure 4.3: Evolution of the VBO at the InAsSb-AlInAsSb junction with increasing temperature
at molar fraction xSb = 0.09.

4.1.3 Valence Band Offset

As explained earlier in this work, the alignment between the materials is expected to be typeI
at room temperature. However, since the band gap of InAsSb is a function of temperature, the
valence band offset that appears at the junctions will also change depending on the temperature
of operation. It has been assumed that InAsSb’s band gap shrinking or expanding with T is only
translated into visible changes in VBO.

VBO is a critical parameter when the dark current is being studied as it represents an intrinsic
energy barrier for the flow of photogenerated holes from the absorption layer to the contact layer.
The choice of materials for the photodetector has taken into account that factor, InAsSb and
AlInAsSb have a minimal VBO at room temperature - V BO ∼ 25meV -. At low bias, the
potential barrier energy is many times larger than the VBO and its weight in the carrier transport
can be dismissed. However, when the external voltage is high and the energy of the barrier has
been reduced, VBO appears like a built-in blocking mechanism since its energy contribution is
similar to the thermal energy, V BO300K ∼ kbT .

As seen in Figure 4.3, the VBO at the InAsSb-AlInAsSb junction decreases with decreasing tem-
perature as an effect of the expansion of the InAsSb band gap. At very low temperatures, below
190 K, the alignment between the semiconductor bands is no longer typeI, but it evolves to a
typeII band alignment.

One can also note that there is going to be a temperature range at which VBO will be minimized
close to 0 eV. According to the calculations, at 192 K there is no valence band offset at the
heterojunction and the carrier transport depends entirely on the electrostatic potential barrier
response to the external bias. With this stack of semiconductors, the carrier collection performance
of the heterostructure is going to be optimized close to this temperature.

4.1.4 InAsSb Absorption coefficient

The absorption coefficient of InAsSb was modelled following Equation 2.41. There, the strong
dependence of the band gap and the material and the absorption coefficient, α, were shown.
When the incoming radiation is smaller in energy than the material’s band gap, the absorption
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Figure 4.4: Evolution of InAsSb absorption coefficient, α, at different temperatures as a function
of the incoming radiation wavelength.

coefficient follows the Urbach tail model. As the band gap of InAsSb varies with temperature,
a shift in the energy threshold of absorption is also expected. Figure 4.4 shows the evolution of
the absorption coefficient of the absorber as a function of the incoming radiation wavelength at
different temperatures.

As displayed in Figure 4.4, the absorption coefficient peaks between 3-4 µm for all the range of
simulated temperatures with α values around 1600 cm−1. The maximum value of the absorption
coefficient tends to decrease with increasing temperature, this behaviour seems to respond to the
K parameter in Equation 2.41 that takes into account the band gap energy as a multiplying factor.
Since Eg in InAsSb decreases with T, the value of K should also be smaller at higher temperatures.

4.2 Device Characteristics

The following section covers the analysis and discussion of certain device parameters. As a ref-
erence, the reports from Reine et al. [29, 30, 31] were followed and some of the data contained
in the cited articles were included for comparison. Other figures to evaluate the performance of
the proposed detector can be found in this section as well. Dark current characteristics have been
simulated to assess how their behaviour compares with a typical diffusion-limited device and to
understand the biasing boundaries for an optimized functioning of the device.

4.2.1 Vmax and Potential Barrier height at Vapp = 0V

As described by Reine et al. [29], if one solves the Poisson equation in the barrier layer, an intuitive
expression for the maximum voltage this layer will absorb can be obtained. This parameter Vmax
is indicative of the operational conditions one can impose to detector. Vmax can be calculated
using the equation below,

Vmax =
qNd(

WAL

2
)2

2εBL
(4.1)
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Figure 4.5: Visualization of Vmax and the Potential Barrier height at the InAsSb-AlInAsSb
double heterojunction for Vapp = 0 V and Nd = 1x1016cm−3 at room temperature.

This expression shows a linear relationship between the dopant density in the barrier layer and the
potential drop in it. Vmax should not be confused with the potential barrier height, the former is
only dependent on the characteristics of the wide band gap layer, the latter includes the VBO and
the band bending effects from the electron accumulation near the junctions. Figure 4.5 illustrates
these two parameters within the heterostructure model.

The values of both Vmax and the total potential barrier height at five different barrier layer
dopant densities (6x1015, 8x1016, 1x1016, 1.5x1016, 2x1016) have been calculated using the Poisson-
continuity solver. The results have been compared to the above expression derived by Reine [29].

Figure 4.6 shows the curves of Vmax(Nd) at two different temperatures, 200 K and 300 K, given by
the Poisson-continuity solver. The applied bias in the simulations is 0 V. Figure 4.6 is representat-
ive of the good agreement between Equation 4.1 and the results from the script, the relative error
has been found to oscillate between 3-7 %. This indicates that the Poisson equation is properly
solved by the algorithm within the barrier layer.

Figure 4.7, on the other hand, shows the potential barrier height dependence with the wide band
gap dopant density. In Reine et al. papers [29, 30, 31], the total potential valence band barrier
was 1.179Vmax(eV ). According to results extracted from the solver, this linear relation between
Ndop and the valence band barrier height still holds, but the relative contribution of the wide band
gap semiconductor is lesser. It can be seen that for the same Nd, the potential barrier height is
larger in the simulated device than the potential barrier energy predicted by the equation in [29].
In Reine’s article, the absorption and contact layer where made of InAs, whereas, in this work the
semiconductor of use is InAsSb, thus, is it plausible to see how the different choice of material can
lead to changes in VBO and ni which will account for the deviation between the curves in Figure
4.7.

It is important to mention how the potential barrier height seems to crossover at around 1.6x1016cm−3

for the different temperatures. At low barrier layer dopant densities, the height (in eV) of the
valence band barrier is larger at higher temperatures, but as the dopant density increases, lower
operational temperatures appear to show a bigger potential barrier. This is because of the effect
the temperature has on the electrostatic properties of the junction, especially when it comes to
determine the built-in voltages.
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Figure 4.6: Vmax as a function of the barrier layer dopant density for two different temperatures
at Vapp = 0 V. In blue, the expression derived by Reine is used as a comparison.

qVb = ∆Ec − kbT ln(
NCNd
NDNc

) (4.2)

Recalling Equation 2.5 -also shown above-, the built-in potential, Vbi, depends on the conduction
band density of states, the dopant density in the materials involved and the difference between
the conduction band edge energies. The electron density of states in the conduction band, NC
and Nc, have a strong relationship with temperature. For the same ND values, the influence of

the ln(
NCNd
NDNc

) will decrease as the temperature decreases and Vb1,2 ∼ ∆Ec. This means that at

high dopant densities in the barrier layer, the electrostatic potential is larger at low operational
temperatures. Intuitively, that makes sense since a higher dopant density will in turn become a
large number of positively ionized donors per unit volume in the barrier layer. The holes diffusing
towards the barrier from the absorber layer will ”feel” a larger electrostatic repulsive force, as the
charge density is bigger. In addition to that, the thermal energy represented in the kbT term will
also be smaller, and therefore, the energy holes can acquire from the environment to surpass the
barrier is also reduced.

Figure 4.7 shows the results of the potential barrier height at three different temperatures: 300
K, 200 K and 192 K. According to Figure 4.3, V BO300K > V BO200K > V BO192K . Then, one
would think this situation should lead to EBarrier(300K) > EBarrier(200K) > EBarrier(192K),
but that is only true for small to moderate barrier layer dopant densities, this effect is shown in
Figure 4.7. As mentioned before, the explanation may come from the fact that at higher T, the
logarithmic term in Equation 4.2 increases its influence and reduces Vbi.

The major takeover from Figures 4.6, 4.7 is that the linear relation between Nd and both Vmax
and the potential barrier height in the valence band holds, indicating the effectiveness of the
Poisson-continuity solver.

4.2.2 Band structure characteristics

The main goal of the Poisson-continuity solver is to display comprehensible and reliable information
about the band structure of the simulated photodetector. Many of the characteristics that will
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Figure 4.7: Potential barrier height as a function of the barrier layer dopant density for two
different temperatures at Vapp = 0 V. In blue, the expression derived by Reine is used as a
comparison.

influence the performance of the detector are related to the band structure. There, one can find
how the carriers distribute or the variations of the quasi-Fermi levels, among many other key
parameters to evaluate the heterostructure.

Temperature, applied bias, dopant densities of the constituent layers, or the optical power density
will have an effect on the shape of the band structure. The solver’s work is to take into account
all those parameters to compute a reliable diagram which sketches the behaviour of the semicon-
ductors in the heterojunction according to the operational conditions. The result can be seen in
Figure 4.8, where the band structure of the nBn photodetector is displayed.

Looking at Figure 4.8, one can quickly see that there is an important band bending phenomena
at the edges of the barrier layer. That is indicative of the accumulation of electrons near the
space charge region which extends over the barrier layer width. AlInAsSb is depleted from mobile
charges which have migrated to the adjacent contact and absorption layers.

The reverse applied bias over the heterojunction will have an effect on the accumulation regions
and the barrier. Since AlInAsSb is the constituent layer with the larger dopant density, it has been
assumed that the potential drop is going to occur there. In addition to that, the absorber layer will
be positively biased with respect to the InAsSb contact layer. Thus, when Vapp < 0, the charge
density enclosed in the accumulation region at the barrier-absorber junction is going to decrease
while the charge density in the accumulation region at the contact-barrier junction will increase.
If the applied bias is pushed high enough, all the electrons in the absorber accumulation region
will be mobilized away from that junction. Push Vapp even higher and, in order to compensate
for the increase of charge density at the contact-barrier junction, the absorber layer will start to
be depleted from electrons.

This behaviour described above can clearly be seen in Figure 4.9 with Vapp up to -0.6 V. The plot
contains the information of the carrier density across the nBn photodetector. Negative carrier
density means electrons occupy that region, while a positive carrier density is indicative of ionized
donors or holes in that region. As the applied bias is more negative, the carrier density at
the barrier-absorber junction edge shrinks down, while the accumulation increases at the other
heterojunction. The carrier density in the barrier layer remains constant at 1x1016cm−3 up to
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Figure 4.8: Band structure of the simulated nBn photodetector. The plot consists of the energy
distribution of Ev, Ec and the quasi-Fermi levels Efh , Efe . Efh is superimposed to Efe as they
share the same position. The operational conditions of the simulations are displayed in the plot.

Vapp = −0.6 V. This indicates that the layer is depleted and the only charge contribution comes
from the ionized donors. This behaviour stands up to Vapp = −0.6 V when the flat-band condition
is reached, and the charge density at the barrier-absorber edge is 0.

To understand what happens at higher applied biases, it is necessary to explain how the space
charge region is formed within the barrier layer width. As a result of the electrostatics of the
junction, two SCRs will appear where the AlInAsSb-InAsSb junctions are, one at each side of the
barrier layer. The width of these SCR will depend on the doping characteristics of the contact,
barrier and absorption layers as shown in the equation below. The parameters in capital letters
refer to wide band gap semiconductor, meanwhile, the parameters in small case letters refer to the
smaller band gap semiconductor.

WSCR =

√
2εNεnVbiNd

qND(εNNdεnND)
(4.3)

With the chosen dopant densities for each layer in this work, the SCR of both heterojunctions
will overlap and therefore, the entire width of the barrier layer will be depleted of mobile carriers.
As seen from the absorption region side, the applied bias is going to reduce the built-in voltage
at the barrier-absorber heterojunction, and, consequently, the width of the resulting SCR. For
high applied bias, the two space charge regions are not going to overlap anymore, leaving a region
within the barrier layer where holes can be allocated. The newly appeared hole concentration in
the AlInAsSb layer can be seen in Figure 4.9 at Vapp = −0.7 V. To compensate for the depletion
of the absorber and the presence of holes in the barrier layer at higher applied voltages, the charge
density due to accumulation in the contact layer increases.

A schematic of the band structure at 300 K and under an applied bias equal to -0.7 V is shown
in Figure 4.10. The electron quasi-Fermi levels in the barrier and absorption layer are assumed to
be in equilibrium with each other [28]. The hole quasi-Fermi level across the heterostructure has
been solved by the algorithm. Interestingly, at this Vapp the hole quasi-Fermi level is very close
to the valence band edge within the barrier layer, this results in the appearance of a surplus of
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Figure 4.9: Carrier density across the heterostructure as a function of different voltages at 300 K.
Charge density can be related to charge density just multiplying by the elemental unit of charge,
q = 1.6x10−19C. A negative value in the carrier density means electrons are allocated in that
region, while a positive value is indicative of the presence of holes and positively ionized donors.

positive charge carriers at Vapp in the AlInAsSb region as shown in Figure 4.9.

The carrier density plots have also been studied as a function of temperature. Figure 4.11 shows
the differences that arise depending on the working temperature. The most noticeable one is the
shape of the accumulation region at the contact-barrier junction. At lower temperature, this area
of accumulated electrons seems to spread over the contact while also having a lower absolute value.
This can be understood from Equations 3.8 and 3.9 presented in Chapter 3.

p(xi) ∼ Nv(xi)
1

1 + exp(−(Ev(xi)− Efh(xi)− qV (xi))/kbT )
(4.4)

n(xi) ∼ Nc(xi)
1

1 + exp((Ec(xi)− Efe(xi)− qV (xi))/kbT )
(4.5)

At lower T, Nc(xi) is smaller, therefore the number of conduction band states to fill in with
electrons is reduced and the maximum value of the charge density is lower. As it can be seen from
Figure 4.11, the reduction of the accumulation region at the barrier-absorber interface is the same
regardless of the temperature. Since the number of available states to incorporate new electrons
on the other side is lower, in order to keep the charge balance, the accumulation region spreads
over the contact layer and the effective ”accumulated surface” is larger at lower T.

In Figure 4.12 the distribution of the electrostatic potential across the detector is shown. In that
same plot, it is possible to appreciate that the electrostatic potential is more concentrated within
the barrier layer width at 300 K than at 200 K. This is linked to Equation 4.5, a more spread
V (xi) function favours a more spread n(xi) distribution which can explain what is shown in Figure
4.11. In Table 4.1 there are shown the potential drop at each of the layers. It is visible from the
values displayed in Table 4.1 that the potential drop in the absorption layer barely changes with
T, however, the potential drop in the contact layer is higher at 200 K. As the carrier concentration
varies exponentially with V , a relative small shift in the electrostatic potential distribution turn
into a visible modification of the carrier density as shown in Figure 4.11.
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Figure 4.10: Band structure of the simulated nBn photodetector at Vapp = −0.7V . The electron
quasi-Fermi level of the barrier layer and the absorber is considered to be in equilibrium.

200 K 300 K

VCL (V) 0.1354 0.1137
VBL (V) 0.2900 0.3106
VAL (V) -0.0254 -0.0243

Table 4.1: Electrostatic potential drop in each of the layers at 200 K and 300 K. It can be seen
how the electrostatic potential is more concentrated in the barrier layer at higher T.

4.2.3 Electric Field

The electric field is an important factor when it comes to the analysis of the nBn photodetector,
as it unveils some characteristics about the electrostatics. Moreover, it is also a key parameter in
the carrier collection, as a strong electric field in the barrier layer could lead to a faster response
time of the detector. However, it is important to remark that such a strong electric field should
be contained within the width of the wide band gap semiconductor.

The magnitude of the electric field is going to be determined by the dopant density of the barrier
layer and its width. A high electric field can lead to undesired phenomena such as band-to-band
tunnelling. However, in the nBn detector, this is highly mitigated by the introduction of a large
CBO.

As shown in Figure 4.13, the magnitude of the electric field in the absorber layer decreases as the
applied bias becomes more negative. At Vapp = −0.6V , the flat-band condition is reached and the
electric field is nearly 0 kV cm−2. If the applied voltage is even more negative and the absorption
layer starts to be depleted, the electric field becomes negative. On the other hand, as the applied
bias goes to more negative values, the electric field at the contact-barrier junction increases its
magnitude. The results for the electric field plot are consistent with the Poisson equation and the
band structure plots that were shown previously.
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(a) Carrier density plots at Vapp = −0.4V at two different
temperatures.

(b) Carrier density plots at Vapp = −0.7V at two different
temperatures.

Figure 4.11: Carrier density plots as a function of temperature for two different applied biases.

4.2.4 Dark Current Density

Dark current density is the key parameter when evaluating the performance of the device. Dark
current levels define the possibilities of the detector in terms of detectivity and responsivity. A bet-
ter sensor is one that can successfully discern between the contribution coming from illumination
and the contribution inherent to the device itself.

The current density has been calculated according to Equation 2.54. The potential barrier energy
has an important effect as it regulates the flow of holes from the absorber to the contact layer. The
temperature of operation will also limit the performance of the detector in this regard, as it will
limit the number of available carriers, the diffusion length and carrier lifetime in the absorption
layer.

The results from the simulated dark current density are shown in Figure 4.14. At very low
temperatures, 150 - 200 K, the levels of JDark are comparable with the results published by Klem
et al. in 2010 [73]. The material employed in the article was InAsSb as the absorber and AlAsSb
as the barrier layer semiconductor. With a similar material system, Reine et al. [31] reported dark
current levels around 6x10−7A/cm−2 for an nBn detector at 200 K, which is a couple of orders
of magnitude below the simulated results in this work. These results, however, are based on a
back-to-back diode model to calculate the dark current density.

The dark current density follows the exponential curve predicted by Equation 2.54. At low bias,
the potential barrier is too high to overcome, and the amount of charge carriers that flow from
the absorber to the contact is small. The dark current increases exponentially until the effective
barrier for holes is suppressed, then, the dark current reaches its saturation value.

Trying to investigate the role of the VBO in the dark current density, a simulation was run to
visualize the current curve at 192 K, where the valence band offset is at its minimum. Figure
4.15 shows the evolution of Jdark as a function of Vapp at such temperature. If one compares the
two plots, it can be seen that the saturation bias, Vsat, increases when the temperature decreases.
This fact relates to what has been previously mentioned: the role of VBO is secondary, and the
main parameter controlling the device characteristics is the increase of Vbi at cooler T. Table 4.2
shows the results in Figure 4.14 and 4.15. The effect of a larger magnitude in VBO does not imply
a higher Vsat.

Vsat is a very good indicator of the operational conditions of the device. Above Vsat the carrier
collection can be done unimpeded. According to Reine et al. [29, 30, 31], the barrier affects both
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Figure 4.12: Electrostatic potential distribution across the heterojunction at different temper-
atures with an applied bias equal to -0.4 V. Not all the entire width of the absorber layer is shown
in the plot.

Figure 4.13: Electric field across the heterostructure as a function of the applied bias. Not all
the entire width of the absorber layer is shown in the plot.
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Figure 4.14: Dark current density as a function of the applied bias at four different operational
temperatures. The curve follows an exponential relation at low voltages until the saturation
voltage is reached. If one goes into larger bias the dark current plateaus at a constant value.

the dark current and the photocurrent likewise. Therefore, if the device is placed in the saturation
regime, a higher fraction of the photogenerated holes would be detectable. However, the saturation
regime has a window of applied bias before undesirable effects start to dominate. The main matter
of concern is to push Vapp so high that the absorber starts depleting from electrons and the SRH
recombination mechanism become dominant. The voltage at which the absorption layer will start
being depleted from electrons is Vdep and it is represented in Table 4.2. The table also includes
the data for a possible device with an area of 10x10 µm2. All the simulations were carried with
the following parameters: barrier layer dopant density equal to Nd = 1x1016 cm−3 and absorber
layer width equal to 3 µm.

Temperature Isatdark (A), 10 µm x 10 µm Jsatdark (A/cm−2) Vsat (V) Vdep (V) VBO (eV)

150 K 2.8x10−14 2.8x10−8 -0.41 -0.72 -0.0087
192 K 5.1x10−12 5.1x10−6 -0.37 -0.65 0.0000
200 K 8.2x10−11 8.2x10−5 -0.36 -0.64 0.0018
250 K 7.8x10−9 7.8x10−3 -0.34 -0.61 0.0134
300 K 2.0x10−8 2.0x10−2 -0.34 -0.60 0.0259

Table 4.2: Dark current and dark current density levels at saturation, saturation voltage, deple-
tion voltage and valence band offset for five different temperatures.

4.2.5 Dark Current Reduction Factor

Following Reine’s studies of the nBn photodetector [29, 30, 31], the effect of the barrier layer doping
was studied to see how it influences the dark current densities. There, Reine et al. proposed a
parameter to compare the values of the dark current density at different barrier layer dopant
densities. The lowest dopant density, in our case Nd = 1x10−15cm−3, is taken as a reference and
the current density at this Nd is compared with the dark current density (Vapp = −0.05 V) at
other donor densities in the AlInAsSb layer. The ratios of dark currents are plotted against the
potential barrier layer height at Vapp = 0 V.
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Figure 4.15: Dark current density as a function of the applied bias at 192 K, where VBO is at
its minimum value. The curve follows an exponential relation at low voltages until the saturation
voltage is reached, in this case, at Vapp = −0.37V

The dark current reduction factor, DCRF, is fitted to a Fermi-Dirac-like equation with the poten-
tial barrier height at 0 V as the variable parameter. The equation of DCRF is shown below.

DCRF =
1

1 +AT exp(EBT /kbT )
(4.6)

Where EBT is the potential barrier height at Vapp = 0 V for each temperature and AT is a fitting
parameter at different temperatures, A200 = 9.0x10−3 and A200 = 1.3x10−2.

BL Dopant Density (cm−3) Jdark (300 K) (A/cm−2) EB300K (eV) DCRF (300 K)

1.0x1015 1.36x10−5 0.0161 1.000
2.0x1015 1.36x10−5 0.0348 1.000
4.0x1015 1.36x10−5 0.0714 1.000
6.0x1015 2.01x10−6 0.1077 0.148
8.0x1015 2.47x10−7 0.1444 0.018
1.0x1016 2.78x10−8 0.1825 0.002
1.5x1016 6.73x10−11 0.2869 4.950x10−6

2.0x1016 5.99x10−14 0.4084 4.400x10−9

Table 4.3: Parameters for DCFR calculations at 200 K.

The parameters shown in Tables 4.3 and 4.4 have been plotted in Figure 4.16. The values of
the dark current have been taken at Vapp for each temperature. From the plot, it is possible
to observe a good agreement between the DCRF functions and the simulated points marked as
circles. Another aspect that is interesting to note from Figure 4.16, is that the reduction factor
function does not start to follow the Maxwell-Boltzmann characteristic curve at EB = 3kbT but
at higher potential barrier energies. In other words, the plot contradicts the intuitive approach
that the onset of reduction will appear when the potential barrier height at Vapp = 0 V is higher
than 3kbT in accordance to the dark current density description. A similar effect was found by
Reine et al. [29, 30, 31] in their studies of the InAs nBn photodetector.
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BL Dopant Density (cm−3) Jdark (300 K) (A/cm−2) EB300K (eV) DCRF (300 K)

1.0x1015 5.18x10−2 0.0426 1.000
2.0x1015 5.18x10−2 0.0607 1.000
4.0x1015 5.18x10−2 0.0972 1.000
6.0x1015 1.46x10−2 0.1332 0.282
8.0x1015 3.80x10−3 0.1686 0.073
1.0x1016 9.91x10−4 0.2037 0.019
1.5x1016 3.32x10−5 0.2921 6.410x10−4

2.0x1016 9.45x10−7 0.3844 1.820x10−5

Table 4.4: Parameters for DCFR calculations at 300 K.

Figure 4.16: Solid lines correspond to the DCFR fitted according to Equation 4.6 at 200 K
and 300 K. Yellow and purple circles are the values of the simulated DCFR from Tables 4.3 and
4.4. The dashed lines represent the Maxwell-Boltzmann-like function of the reduction of the dark
current. Jdark for each Nd has been simulated at Vapp = −0.05 V.

4.2.6 Jdark vs T

One common study to determine the characteristics of the photosensor’s dark current response.
If, as assumed, the dark current is only limited by diffusion processes in the absorption layer, it
should follow the diffusion approximation Jdiff ∼ T 3exp(−Ea/kbT ), where the activation energy
takes into account the potential barrier height.

Ea = Ehole = EgInAsSb
(0K) + EBT (T, V )− 3kbT (4.7)

JDark has been simulated as a function of the temperature at 3 different applied biases and a
barrier layer dopant density Nd = 1x1016cm−3. The results have been plotted against Jdiff =
BT 3exp(−Ea/kbT ), where the fitting parameter B = 1x103. Figure 4.17 shows how the dark
current density as a function of the temperature resembles the diffusion current density approx-
imation for three sets of voltages. The functions have undergone a linear fitting procedure with
Matlab to determine the activation energy for each curve. The results displayed in Table 4.5
show a very agreement between the simulated and approximation activation energies at all three
different voltages.
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Vapp (V) EaJdark (eV) EaJdiff (eV)

-0.1V -0.52 -0.51
-0.3V -0.45 -0.43
-0.5V -0.41 -0.39

Table 4.5: Activation energies of the Arrhenius plot for the simulated, Jdark, and approximated,
Jdiff dark current densities at Vapp = −0.1,−0.3,−0.5V .

Figure 4.17: Simulated dark current density JDark at three different voltages in solid lines
as a function of temperature. The fitted equation for diffusion current, Jdiff , as a function of
temperature is also shown, this time in dashed lines.
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5. Future Work
In this work, a program to solve the Poisson Equation and continuity equations has been presented.
The solver has proven to accurately describe the band structure of the heterostructure at certain
conditions. It is a powerful tool for design optimization as it can provide meaningful results in
relatively short computing times. However, it is not exempt from some adjustments to expand
its utilities. Some of the issues may come from the description of the carrier densities at the
bottom of the energy bands in the algorithm. In Chapter 3, it was shown the derivation to the
expression used in this work. Despite being based on approximations, they displayed good results
as presented in Chapter 4. However, at hard conditions: very low temperatures, high applied
voltages or high barrier layer dopant densities, the functionality of the solver starts to diminish,
casting some doubts on the accuracy of the displayed results when the device is pushed away from
that ”comfort zone”. To overcome this, the driving parameters of the solver should be rewritten
and more advanced physics in the detector need to be included.

The growth conditions of the different materials in the heterostructure have not been considered.
However, strain effects can greatly disturb the band diagram of the materials involved in the
detector. Additionally, quantum transport effects have not been studied in depth, but they can
play an important role, especially in the accumulation regions and contacts. The more realistic
the model is, the better its accuracy is going to be. One should keep in mind, however, that
including more complicated physics into the solver will come at a cost in computation time that
will distance the suitability of the program from its original purpose.

To further exploit the results obtained from the solver, one might introduce simulations based on
the Monte-Carlo method which will give a new insight on the carrier transport within the device.
This hybrid model could use the Poisson-continuity solver as the basis to depict the band structure
of the detector while simulating the behaviour of the dark- and photocurrents with semi-classical
transport equations.

The main parts of the solver provide some room for further investigations. Due to the way it
has been conceived, one should be able to adapt new material systems with minor changes. For
example, a possible future study could follow the work published by Reine et al. [29, 30, 31] and
compare the performance of the n−type barrier layer UBIRD with that of a p−type barrier layer
UBIRD. Changing the barrier layer material should also be an easy task. More complex structures
with a greater number of layers could also be simulated, for example, to study the band structure
of a complementary barrier infrared detector and its design possibilities.

The solver has provided for the static analysis of the detector, therefore, is not able to tell anything
about its speed. Since holes are the working carrier type, it is expected to be slow, but the actual
work can not quantify it. The inclusion of a time-evolving simulation will complement the work
presented here and expand on the characteristics of the device. A dynamic analysis is needed
to unveil other functionalities or flaws the detector may present. In that sense, the inclusion of
Monte-Carlo-based simulations would as well be helpful.
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6. Conclusions
This work aimed to present a convincing and reliable script for a heterostructure solver that could
help as a design tool for future photodetectors. To realize such a task, an extensive literature
review has been made to dive deep into the concepts that rule the semiconductor devices design.
With this theoretical background, a proposal for a sensor architecture was made, and that became
the basis for this thesis. From there, a computational tool has been built to expand on the study
of the device’s characteristics as well as the evolution of key parameters under different conditions.

The theory introduced in Chapter 2 should come as a basis for the reader to understand con-
cepts used in later chapters while explaining the reasoning behind the choices made during the
development of this work. Along with the theoretical introduction, the thesis includes a detailed
description of the building blocks governing the Poisson-continuity solver in Chapter 3. The
script’s main purpose is to depict the band diagram of the heterostructure after solving Poisson
and continuity equations. Chapter 4 presents the results obtained from various simulations of the
active layers in the device at different conditions. From the information gathered in Chapter 4,
one can see how the detector response to different ambient temperatures is, where the limits of its
operational performance are and the evolution certain parameters will follow for a set of different
conditions.

As mentioned in Chapter 5, there is still room for improvement in the description of certain
parameters of the solver. In addition to that, the inclusion of new phenomena should also increase
the reliability of the simulations. Nevertheless, the band structure results presented in Chapter 4
are in accordance with previous studies by Rogalski and Martyniuk [28]. The analysis made on
the characteristics of the detector follows the work presented by Reine et al. [29, 30, 31]. The
modifications suffered by the band structure at different applied bias resemble the effects noted
by Reine in those articles for an InAs-AlAsSb nBn detector. The evolution of the electric field in
the three studied regions of the simulated device was also comparable to the results shown there.
To complete the analysis, a couple of parameters introduced by the same research group were
studied and adapted to the simulations presented here, i.e. Vmax and the Dark Current Reduction
Factor (DCRF). These parameters were used to test the accuracy of the solver, and following the
strategies explained in [29, 30, 31], they were analysed at different conditions. The similarities
between the simulations in this work and the results presented by Reine et al. indicate the success
of the solver to represent the UBIRD.

The key parameter to evaluate the performance of a photodetector is the dark current density
levels it will achieve while in saturation. This analysis was also performed and the results of the
simulations show that the dark current density for the proposed material system is comparable to
the Jdark reported in other works for a similar stack of semiconductors [73]. In the model, the dark
current was assumed to follow a diffusion-limited curve influenced by the potential barrier at the
junction. The Arrhenius plot showed that the theoretical curve for a diffusion-limited behaviour
and the evolution of the dark current at different temperatures were fairly similar.

The accuracy of the results shown in Chapter 4 has been checked by comparing the obtained
data with publications with similar material system models. Therefore, it is plausible to conclude
that the Poisson-continuity solver presented in this thesis can be used as a tool for the design of
heterosturcture-based infrared detectors.
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[26] M. Kopytko, E. Gomó lka, K. Michalczewski, P. Martyniuk, J. Rutkowski, and A. Rogal-
ski. Investigation of surface leakage current in mwir HgCdTe and InAsSb barrier detectors.
Semiconductor Science and Technology, 33(12):125010, 2018. 17, 23, 24, 25

[27]  L. Kubiszyn, K. Michalczewski, D. Benyahia, J. Jureńczyk, D. Stepień, A. Keb lowski,
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Appendix A

6.1 Poisson-Continuity Solver

In the following pages there is a copy of the Poisson-Continuity solver written for this work. It
contains the 3 building blocks explained in Chapter 3 and it has been run for a simulation at T =
300 K, Vapp = -0.3 V. At the end, one can find a schematic of the band structure and the value of
the dark current density.

62 InAsSb/AlInAsSb nBn Photodiodes - A Basic Device Model






















