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ABSTRACT
Infrared (IR) detectors are used for a variety of imaging applications, such as
terrestrial surveillance, biomedical diagnostics, and target acquisition. Presently, the most
common photon detectors for these applications are based on interband transitions in pn
junctions made of mercury cadmium telluride (MCT) or InSb, and intersubband
transistions in quantum well infrared detector(QWIP). However, lack of spatial
uniformity over larger area and difficulties with the material growth plagues MCT
detectors. The quantum efficiency of QWIPs is low and they cannot couple normal
incidence photons due to absorption selection rules. The operation temperature of all
these detectors is limited to < 200 K in order to obtain a high signal-to-noise ratio. The
need for cooling increases the weight and cost of a infrared system.
The InAs/Ga(In)Sb strained layer superlattice (SLS) material system proposed
for the IR detection in 1987, has been considered in recent years as an interesting
alternative to the present day IR detection technologies. InAs/GaSb SLS has a type II
band alignment such that the valence band of the GaSb layer is higher than the
conduction band of the InAs layer. The effective band gap is decided by the energy
vi

difference between the electron miniband and the first heavy hole state, which depends
on the thickness of constituent layers, leading a wide range of cutoff wavelength (330μm). Also, the amplitude of the electron wavefunction is mostly confined to the InAs
layer, whereas the amplitude of the hole wavefunction is mainly confined in the GaSb
layer. These distributions of electrons and holes hinder the Auger recombination, leading
to longer electron lifetime. However, the spatially indirect optical transitions lead to low
absorption. The electron effective mass of the InAs/GaSb SLS (m*/mo ≈ 0.02-0.03) is
larger than MCT (m*/mo ≈ 0.009) with the same bandgap (Eg ≈ 0.1 eV). Thus, tunneling
current in SLS can be suppressed compared to MCT. These properties make the
InAs/Ga(In)Sb SLS a promising material system for next generation IR sensors.
This work is focused on the performance improvement of InAs/GaSb SLS
detectors by implementation of the nBn design and a novel SU-8 passivation scheme, and
realization of an nBn SLS FPA. This thesis covers three topics: 1) optical and electrical
characteristics of single pixel nBn SLS devices operating in the MWIR and LWIR
spectral regions, 2) Development of a MWIR focal plane array (FPA) based on the
InAs/GaSb SLS detector with the nBn design, 3) Development of a new passivation
method for mid wave infrared (MWIR) and long wave infrared (LWIR) p-i-n SLS
detectors. As a result of this work, the following milestones were achieved:
(1) First report of nBn MWIR FPA (Kim et al, APL. Vol. 92, 183502, 2008)
(2) First report of use of SU-8 as a passivation material for MWIR and LWIR
SLS single element detectors and FPAs (Kim et al, APL. Vol. 96, 033502, 2010)
(3) Development of an n-type ohmic contact for low-doped MWIR SLS material
(Kim et al, Electronics Letters, Vol. 44, No 14, 2008)
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Chapter 1
INTRODUCTION

In this chapter, we introduce the general concepts of infrared (IR) radiation and
detection. The concept of a black body (BB), types of infrared detectors, and competitive
technologies for IR detection will be discussed. Finally, a photodetector based on InAs/GaSb
strained layer superlattices (SLS) with an nBn design will be presented.

1. Electromagnetic radiation
1.1 Radiation of an infrared source
The electromagnetic radiation spectrum is useful in describing the characteristics of
materials. This spectrum can be classified by wavelength into gamma rays, X-rays, ultraviolet,
visible, infrared, microwave, and radio waves. Different regions of the electromagnetic spectrum
are shown in figure 1.1. The infrared part of electromagnetic radiation covers the range from 0.75
μm (400THz) to roughly 1 mm (300GHz). Thermal or infrared radiation (IR) is a characteristic of
any object with a temperature above absolute zero (0K).
The human body at room temperature radiates with a maximum spectral intensity at
around 10 μm, which is beyond the sensitivity range of the human eye. However, IR radiation can
be sensed by our skin due to the heat that is generated. When the temperature of an object
increases to ~ 750 ℃, the human eye can see visible light emitted by the object. To classify IR
radiation more specifically, the following nomenclature is used to define the windows (relatively
transparent bands) in atmospheric absorption. This is presented in the following section.
1.2

Concept of a black body
The concept of blackbody (BB) radiation is a convenient model to study the emission

properties of a body at a given temperature since the radiation spectrum of a BB is determined by
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its temperature and emissivity (for an ideal black body ε =1). A BB is an idealized body that is a
perfect absorber and radiator of electromagnetic radiation. No real object behaves as a true BB,
although platinum black or carbon graphite rather closely approximates this ideal concept. BB
laws are applicable to real objects by introducing a parameter called “emissivity”. Emissivity is
the ratio of the spectral exitance of the source to that of a blackbody of the same temperature:

Figure 1.1 The electromagnetic spectrum1.

Table 1.1 Spectral regions of good IR transmission through atmosphere

Wavelength

0.7-1.5

1.5-3

3-5

8-14

14-32

Classification

Near

Short

Medium

Long

Very Long

of

Wavelength

Wavelength

Wavelength

Wavelength

Wavelength

IR

IR

IR

IR

IR

IR

radiation

(NIR)

(SWIR)

(MWIR)

(LWIR)

(VLWIR)

( μm)

2

ε (λ , T ) ≡

M λ (λ , T )source
M λ (λ , T )blackbody

(1.1)

Generally, emissivity is a function of wavelength and temperature.
There are three main laws describing BB radiation:
1.2.1 Stefan-Boltzmann Law
The total power per unit area radiated by a blackbody at temperature T is given by
(1.2)

M = σT 4
where σ is the Stefan-Boltzmann constant (5.67 x 10-8 W/m2K4).
1.2.2 Planck’s law

The probability distribution of emitted wavelengths by a BB at a given temperature and
can be written as

W (λ , T ) =

2π hc 2
λ 5 (exp {hc / λ kT } − 1)

(1.3)

where k is the Boltzmann’s constant, c is the speed of light and h is the Planck’s constant. Figure
1.2 shows the Planck curves for different temperatures of a BB (300K, 600K and 900K).

Figure 1.2 Spectral emittance of a blackbody at various temperatures (300K, 600K and 900K).

The unit of spectral radiant emittance is (W cm-2 μm-1). As the BB temperature increases, the
peak wavelength of the spectrum shifts toward a shorter wavelength.
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1.2.3 Wien’s law
Wien’s law states the relationship between the temperature T of a BB and its peak
emission wavelength λmax, as shown by equation (1.4)

λ max =

2898
T

(1.4)

here λ is measured in µm and T in Kelvin.

1.3 Absorption characteristics of radiation in the atmosphere
A description of the radiation spectrum from the source is not complete without knowing
the absorption property of the medium of propagation. The spectral transmittance of IR radiation
in atmosphere is shown in figure 1.3 for a horizontal path at sea level. The high transmission
bands are called atmospheric windows which are comparatively transparent from 3 to 5 μm and 8
to 13 μm region.
The radiant flux of a heated body is selectively absorbed by the gaseous constituents of
the atmosphere. Water vapor, carbon dioxide, and ozone are the most significant absorbers for
each absorption band. Infrared radiation in several regions between 1 and 3 μm, and 6.3 μm is
absorbed by water vapor. Strong absorption in the neighborhood of 2.6, 4.3, and 15 μm is mainly
due to carbon dioxide.

Figure 1.3 Transmittance of the atmosphere for a 6000ft horizontal path at sea level.2
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1.4 Infrared detector
An IR detector converts incident electromagnetic radiation energy falling upon it into a
measurable electrical output (current or voltage). The two major categories of IR detectors are
thermal detectors and photon detectors.
1.4.1 Thermal detector
Thermal detectors respond to the heat generated by the absorbed energy of the optical
radiation. The temperature change of the device produced by the absorbed energy induces a
change in physical or electrical properties of the device that can be measured. This parameter
change can be detected by external instrumentation. Examples of thermal detectors are
bolometers, pyroelectric detectors and thermocouples. The spectral response of a thermal detector
is generally decided by the spectral absorption of the thermal detector. Therefore, the spectral
dependence is directly related to the emissivity. Generally, the wavelength response can range
from the visible region to 40 μm in the far-infrared range for a thermal detector. Also, these
thermal detectors are typically operated at room temperature.

Table 1.2 Thermal detector response to optical radiation leading to an electrical parameter change.
Parameter change due to temperature change
Bolometer

Resistance

Thermocouple

Voltage

Pyroelectric

Capacitance/ferroelectric material

Bolometers consist of semiconductor film or thin metal with an absorbing film. This
single bolometer chip is mounted to heat dissipating thermal sinks. When the device temperature
increases, owing to absorbed IR radiation, the film resistance increases in the case of the metallic
film. On the contrary, the film resistance decreases for the semiconductor film. These resistance
changes are measured and processed into the temperature change. Figure 1.4 shows the schematic
of a micro-bolometer pixel and its SEM image.
Thermocouples are based on the thermo-voltaic effect in which a junction of two
dissimilar metals react with a change in voltage according to the amount of incident radiation.
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These two metals form a hot and cold junction. An incident IR wave falls on the hot junction
surface having the high absorption surface with thermal isolation from a thermal heat sink.
Conversely, the cold junction is used as a reference junction connected to a thermal heat sink.
Pyroelectricity is known to generate a temporary voltage across the crystal because of the
change of polarization of material due to heat generation. Electrical polarization change is related
to a change in surface charge, which is dependent on a material time constant. Thus, a pyroelectric effect can be observed only when the temperature rises or falls. Pyroelectric detectors
have a broad spectral response for infrared detection and rely on a fast change of polarization in
the material; high detectivity can be obtained under high frequency chopping, in contrast to other
thermal detectors.

Figure 1.4 (a) Schematic of a micro-bolometer pixel (b) Scanning electron microscope image
(SEM) of a pixel and the metallic stud that interconnects the micro-bolometer detector to the
ROIC through a thermal insulation leg.3

1.5 Photon detector
6

Photon detectors detect the optical radiation due to the direct interaction between an
absorbed photon and the atomic lattice of the device material. The main mechanism of photon
detectors rely on the concept of energy band gap theory. Photon detectors require incident
photons to have a certain minimum energy (equal to the energy band gap of the detector material)
before they can be detected. The class of photon detectors that utilizes the generation of electronhole pairs across the semiconductor band gap is called intrinsic detectors, whereas detectors that
utilize transitions of charge carriers from impurity states in the band gap to nearby energy bands
are called extrinsic detectors.
1.5.1 Photoconductive (PC) detector
Two distinct types of photon detectors are photoconductive (PC) and photovoltaic (PV)
detectors. PC detectors respond to optical radiation by a change in electrical conductivity.
Photons that have enough energy can be detected by PC detector due to the transition of an
electron from the valence band to the conduction band, leaving a hole behind. These transitions
cause a change in conductance or resistance which is read by external circuitry.
Under incident light, the conductivity change of the device can be expressed85 by
equation (1.5) according to the number of charged carriers

Δσ C = qμe Δn + qμ h Δp

(1.5)

The conductance change occurs in the majority carrier (electrons for n-type, holes for p- type) for
an extrinsic photoconductor. Also, the photo-generated current under the radiant power on the
detector can be expressed85 as

i =

ηλ
hf

q

φ

μ Eτ
e

lz

(1.6)

where E is electric field, τ is carrier lifetime, φe is radiant flux and lz is the thickness of the device.
The second term in equation 1.6 is known as the photoconductive gain.
For photoconductors, the four major noises are 1/f noise, preamplifier noise, generation recombination (GR) noise, and Johnson noise. The GR noise component can be expressed as
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to c

IR illumination

P ho

+
urr e
nt
E2

E1

Figure 1.5 Schematic of a photoconductive detector based on a type-I superlattice structure
(GaAs/AlGaAs) with an externally applied bias.

i N2 = 4 IeGΔf

(1.7)

where G is the photoconductive gain and Δf is the noise bandwidth (hertz).
To get the conductance change under the illumination, the PC device needs an external
bias. The external bias is a potential difference between the two electrodes. For the case of a
QWIP detector, as illustrated by figure 1.5, the external electric field applied across the device
leads to tunneling of the photo-generated carriers into the AlGaAs conduction band and
consequently a change in the materials conductance.
1.5.2 Photovoltaic detector (PV) and the PIN photodiode
Photodiodes or photovoltaic detectors are made by creating a p-n junction in a
semiconductor. A photodiode is sensitive to incoming optical radiation, producing a voltage or
current output in response to the input wavelength. The absorbed photons generate electron hole
pairs which are guided by an internal electrical field and extracted with an external bias. These
photodiodes are characterized by an energy band gap (Eg) and a cutoff wavelength (λc).
A photodiode having an intrinsic layer between the n and p material is called a PIN
photodiode. The thickness of an intrinsic layer has to be optimized according to the desired
spectral response, frequency response, quantum efficiency, and dark current of the detector.
Figure 1.6 illustrates a PIN junction photodiode.
The total photo-generated current of a PIN detector is the summation of the diffusion and
drift currents and is given85 by
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where r is the Fresnel reflectance, α is the absorption coefficient, Lh is the diffusion length of
holes, and d is the total depletion width.
The dominant photo generated noise of a PV detector is called shot noise due to the
random arrival rate of carriers. The current in the detector does not flow in a uniform way from
the atomic or electron point of view. It flows like discrete bundles of charge at a random rate.
This random current distribution produces shot noise, expressed by

iN2 = 2 IeΔf

(1.9)

If we compare equations (1.7) and (1.9), the PV detector has a significant advantage over PC
detector because the dominant noise mechanism of PV detectors (shot noise) is a factor of √2
smaller than the G-R noise dominating PC detectors.

1.6 Concept of a focal plane array (FPA)
In an optical imaging system, a two-dimensional array of single-detector elements is called a
focal plane array (FPA), which is located at the focal plane of an optical system. IR FPAs can be
widely used for a variety of imaging applications such as medical diagnostics, terrestrial
surveillance, and military target identification.
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Figure 1.6 Schematic of a PIN photodiode under applied bias and corresponding band diagram
showing depletion of intrinsic region.
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The IR detecting FPA and readout integrated circuits (ROICs) are fabricated on different
substrates and, subsequently, both the devices are mated by a flip-chip bonding technique.
Generally, indium bump technology is used to bond the two structures and thermal stress can be
reduced by applying a permanent epoxy between the FPA and ROIC. Then, the substrate needs to
be removed to reduce optical cross talk between FPA pixels and to increase quantum efficiency.
Substrate removal can be achieved by lapping the substrate material to a thickness of 30~50 μm
and then dry or wet etching is used to etch the remaining material completely.
FPAs have numerous advantages over a single element detector. First, the most obvious
advantage of an array is increased efficiency. A system with N pixels will observe a region with
the same signal to noise ratio in only (1/N)1/2 the time taken by a single element. Second, an
image produced by an array has the relative positions of the pixels fixed with great stability and
so object separations in an image can be measured to a high precision. Third, subtraction of
background radiation is performed more easily for a FPA since with an array camera all the pixels
receive the same total background signal. Thus, the background contribution can be subtracted
with much greater accuracy.
1.6.1 HgCdTe (MCT) FPA
We now discuss the technologies that are currently used. Mercury cadmium telluride
(HgCdTe) detectors consist of column II and VI family elements in the periodic table. Hg1-xCdxTe
has a direct bandgap and its energy band gap can be changed as a function of the mole fraction of
cadmium to mercury, x, and temperature, T. The tunability of the band gap can range from 0 to
1.5 eV. Therefore, the detection wavelength can provide a cutoff wavelength from 1 μm to 30 μm.
MCTs have a large optical absorption coefficient, leading to their high quantum efficiency. Also,
the favorable inherent recombination mechanisms increase the operational temperature. In
addition, the lattice constant difference of HgTe and CdTe is ~ 0.3 %. Therefore, MCT ternaries
are nearly ideal materials for infrared detection. However, MCT alloys have a small electron
effective mass (~0.009 m0) resulting in excessive dark current due to tunneling. Also, high quality
material growth is hard due to large defect densities. Moreover, lack of spatial uniformity over
large areas is still an issue for MCT devices.4
Recently, a VLWIR MCT FPA camera was reported. It shows an approximate cutoff
wavelength of 14 μm in a 256x256 format, and a dark current density of about 1 pA/μm2 at 55 K.5
Figure 1.7 shows a large format two-color MCT FPA developed by Raytheon Vision System.
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This MCT device with a 20 μm pixel pitch represents a high quality MWIR/LWIR 640x480 FPA
with cutoff wavelengths ranging from 5.5 to 11 μm at 78 K.
1.6.2 InSb FPA
The indium antimonide (InSb) photovoltaic detectors are generally used for the near IR
spectral range because this material is one of the most sensitive detectors in the 3 to 5 μm
atmospheric window region6. A single crystal InSb wafer can be used as a device material. The
crystal structure of InSb is zincblende cubic. The p-n junction can be formed by the control of the
In to Sb ratio. If more antimony is used, an n-type material is formed, while if more indium is
used, the material becomes p-type. InSb has a direct band gap because the valence band
maximum and conduction band minimum are positioned at the center of the Brillouin zone. At 77
K, the energy gap of 0.23 eV corresponds to a MWIR response cutoff of around 5.5μm. At room
temperature, the energy band gap is decreased to 0.17 eV, which corresponds to the LWIR
response cutoff of ~ 7 μm.

Figure 1.7 (a) 640 x 480 two-color FPA by MCT, (b) SEM image of a single bump 20 μm pitch,
(c) Image in MWIR region at 78 K , and (d) image in LWIR region at 78 K.7
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InSb photovoltaic detectors have been used in ground-based astronomy. For
astronomical applications, these detectors are operated around 4-7 K to get the lowest noise
performance possible. But generally, the performance of these photovoltaic detectors is optimized
for 60-80 K operation. At lower temperatures, this device displayed a lower quantum efficiency
for the long wavelength because the minority carrier lifetime was decreased in the n-region8.
Commercially available InSb FPAs operating in MWIR have 640 x 512 pixels with 20 μm pitch
and a noise equivalent temperature difference (NETD) of 20 mK.
1.6.3 Quantum well infrared photodetector (QWIP)
GaAs/AlGaSb QWIPs are a well established technology due to mature GaAs growth,
device processing, uniform material growth for large diameters(6”), high yield and low cost.
Using band gap engineering by precise control of material thickness and doping concentration
during the material growth, multiple quantum wells can be grown, such as a GaAs (lower band
gap compared to AlGaAs) layer sandwiched by an AlGaAs (higher band gap compared to GaAs)
layer. The energy gap of each QWIP is decided by the width of the well and height of the barrier
(AlGaAs layer). Under illumination, ground state electrons are exited to higher energy levels.
According to the input bias level, the barrier potential decreases. Then, field assisted tunneling of
photo-generated electrons occurs. One of the internal problems of QWIPS is the low quantum
efficiency because of the selection rules of a quantum well. So, normal incident light cannot be
absorbed. Therefore, on the top or bottom of the QWIP detector, a diffraction grating is used for
higher quantum efficiency. Recently, a dual color FPA with 1024x1024 pixels at 70K has been
reported with a measured NETD of 27mK and 40 mK for MWIR and LWIR respectivrly, as
shown in figure 1.8. This FPA provides a detection wavelength ranging from MWIR (4-5 μm) to
LWIR (7.5-9 μm). Two color detectors are useful for their ability to recognize a temperature
difference between warheads, decoys, and missile targets with unknown emissivity.

1.7 New material system for IR detection
The third generation of IR systems is not simply very large arrays with the same features as
second-generation detectors. Third generation IR systems have to provide the following
capabilities.9
(1) High thermal contrast and, consequently, high sensitivity of the collected image.
(2) Large formats of detectors (matrices 2K × 2K pixels) with high uniformity
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across the detector array and small pixel size.

Figure 1.8 MWIR / LWIR dual band QWIP. The MWIR image (left) looks broader due to heated
CO2 detection in 4.1 - 4.3μm, whereas the heated CO2 doesn’t have any LWIR (8-9μm) emission
line. The silicon wafer blocks most of the LWIR spectrum.10

(3) Multispectral detection (MWIR/LWIR) and lower cross-talk.
(4) Operation at higher temperatures (close to ambient) to reduce cryogenic
constraints and to improve reliability.
(5) The decrease in global system cost
Commercially available FPAs are still based on MCT, InSb, and QWIP technologies for
SWIR, MWIR, and LWIR spectral regions. MCT and QWIP detectors also support multicolor
detection. Sb-based III-V materials have been considered as a promising alternative for the
development of 3rd generation FPAs. As shown in figure 1.9, Sb-based materials have a weak
dependence of the band gap with the operating temperature of the original material, and are
mechanically robust enough for fabrication. They also have good long term stability. Specifically,
in type II InAs/In(Ga)Sb superlattices, described in next section, the cutoff wavelength can be
tuned between 3 to 30μm by adjusting thicknesses of individual layers. The advantages of the
InAs/Ga(In)Sb superlattice material can lead to lower device cost and more uniform performance
over larger area FPAs compared to other detectors.
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Figure 1.9 Plot of bulk energy gap, lattice constants, cutoff wavelength for common III-V
semiconductor materials.11
1.7.1 InAs/GaSb Strained Layer Superlattice
A periodic structure composed of alternating ultra-thin layers of several semiconductors
is called a superlattice. By changing the composition and thickness of the constituent layers, one
can create “a new semiconductor material” with physical and electrical properties that can not be
achieved using a conventional semiconductor approach.
There are two types superlattices, called type I and type II (staggered) 12 . If the
conduction band of material X is lower than the conduction band of material Y, and the valence
band of material X is higher than the valence band of material Y, the band structure will be given
by Figure 1.10(a), called a type I superlattice. GaAs/AlGaAs systems are a classical example of
this band structure, leading to the intersubband transitions in quantum well infrared
photodetectors (QWIPs). These can be considered as a possible substitute material for HgCdTe
for IR detection, due to the maturity of GaAs knowledge and device processing methods. In the
type I superlattice, the electrons and holes are maintained in the low bandgap material X,
inducing IR absorption by transitions between the two lowest-level bound states in the material X
conduction band.
If the conduction band of material X is lower than the valence band of material Y, then
this band structure can build a broken band diagram. So, we can grow the individual layers
having thicknesses in the range of 1-20 nm, allowing the tunneling of electrons and holes across
the layers. As a result, the Brillouin zone, instead of discrete energy levels, is divided into a series
of electron minibands and hole minibands separated by forbidden regions.
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Figure 1.10 Two superlattice types (Type 1 and Type II).

This kind of band gap structure is called type II superlattice and is shown in figure
1.10(b). An example of a type II SL is the InAs/GaSb material system because the valence band
of GaSb is higher than the conduction band of InAs by about 120-130meV at room temperature.
Sai-Halasz, Tsu, and Esaki theoretically proposed the InAs/GaSb SLS for IR detection
in 1970s. 13 A decade later, Smith and Mailhiot stated that the optical absorption for the
InAs/(In,Ga)Sb SLS material is as good as the HgCdTe alloy with a similar bandgap using the
k•P method.14 Since then, the SLS material has generated a lot of interest for IR detection. Wei
and Razeghi used an empirical tight binding method 15 to model type II InAs/GaSb while
considering the effect of Sb segregation in the InAs layer during material growth. Then, Dente
and Tilton applied the semi-empirical psuedopotential method (SEPM)16 to type II InAs/GaSb
superlattices to calculate the semiconductor band structure. Following the EPM method, several
wavefunction forms and band gaps for the type II InAs/GaSb superlattice depending on each
material thickness have been calculated in our group. As an example, Figure 1.11 (a) and (b)
represent the model of wave functions in InAs(8 mono layers)/ GaSb(8 mono layers) and InAs(13
mono layers)/ GaSb(7 mono layers).
Table 1.3 shows band offsets of the type II InAs/GaSb SLS, depending on the thickness
of each layer (in MLs). In InAs/GaSb superlattices, we can grow thin individual layers with
different thicknesses, allowing for electron and hole tunneling across the layers.
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Figure 1.11 Electron and hole wave functions for InAs (8 mono layers)/ GaSb(8 mono layers)
SLS (a) and InAs(13 mono layers)/ GaSb(7 mono layers) SLS (b) by SEPM. Graphs courtesy of
N. Gautam.
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Figure 1.12 The energy versus wave vector curves for an electron in the conduction band and a
hole in the valence band of 8x8 InAs/GaSb and 13x7 InAs/GaSb superlattice. Graphs courtesy of
N. Gautam.
When we use specific alternating materials having different lattice constants, the atomic
spacing is different for the barrier and well material. This establishes local strain in the crystalline
structure, changing the electronic and optical properties of the superlattice. The schematic of the
heterojunction between InAs and GaSb is shown in figure 1.13. This band alignment of the
InAs/GaSb SLS shows an electron and hole wave function confined in the InAs and GaSb layers,
respectively.
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Table 1.3 Band gap of the type II InAs/GaSb superlattice depending on the number of InAs and
GaSb MLs. Table by courtesy of N. Gautam.
SLS

VB

CB

ΔEg

6x6

9.62549

9.97255

0.3406

8x8

9.65356

9.94548

0.2919

10x10

9.67214

9.91618

0.2440

10x6

9.62549

9.97255

0.3470

12x6

9.62126

9.81327

0.1920

13x5

9.59783

9.77698

0.1791

13x8

9.65187

9.82764

0.1757

14x5

9.59738

9.76395

0.1665

14x7

9.63885

9.79881

0.1599

15x5

9.59672

9.75240

0.1556

15x7

9.63917

9.78514

0.1459

15x10

9.67108

9.81627

0.1451

InAs X GaSb

1.7.2 Material parameters of InAs/GaSb Strained Layer Superlattices
The fabricated InAs/GaSb devices have several advantages compared to MCT
devices with the same band gap, such as higher effective electron mass, and good uniformity of
growth over a larger area. Fuchs et al found that the tunneling current measurement at a high
reverse bias voltage, leading to the band-to-band tunneling, was well explained using a me
=0.03mo compared to their modeling17. On the contrary, an electron effective mass of the MCT
compound was calculated to be me =0.01mo. Wei et al did dark current density modeling using
the same electron effective mass and an effective mass of holes (mh =0.04mo), which
corresponded well with their measured data18. The results of these experiments and modeling
imply that the tunneling current fraction of InAs/GaSb SLS compound is lower than that in the
MCT detector.
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Figure 1.13 Schematic band diagram of a superlattice of InAs and InGaSb.11
Auger recombination is a well understood phenomenon involving the interaction of
three carriers in a direct band gap material. The Auger 1 process in an n type material is a
recombination process of an electron and a minority carrier hole, with energy and crystal
momentum conserved by another electron in the conduction band. In the p type material, the
major Auger process involves the recombination of a heavy hole and a minority carrier electron,
with energy and momentum conserved by a hot light hole and is referred to as the Auger 7
process. The valence band strain splitting between HH1 and LH1 suppresses the Auger 7 process
in the n-type SLS material. In the p type material, for an Auger 7 process to occur, one hole is
excited into the LH1 from the HH1 for energy and momentum conservation. But the hole state of
LH1 in the low energy band gap SLS ( > 10μm) is rarely occupied because it is located inbetween 50 and 100meV below the valence band maximum. Therefore, the type II InAs/GaSb
SLS hinders Auger recombination, leading to longer carrier lifetime and higher quantum
efficiency. Figure 1.14 depicts the Auger recombination lifetime, dependent on electron density
in InAs/Ga1−xInxSb superlattices, showing two orders of magnitude longer lifetimes compared to
those in Hg1−xCdxTe with the same energy gap at 77K. The next generation thermal imaging
system requires high quality material uniformity across the whole wafers to fabricate large format
FPAs, in order to reduce production costs. The performance uniformity from pixel to pixel in the
same FPA is also important as it increases NEDT, since the spatial noises add to the performance
variation of the device.
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Figure 1.14 Experiment and theoretical Auger recombination lifetime versus electron density for
InAs/Ga1−xInxSb superlattices. The dotted line is extrapolated from an MCT device with
~140meV.19
Table 1.4. Summary and comparison the performance of various photo-detection technologies.
Characteristic

HgCdTe

QWIPs

InSb

SLS

yes

no

yes

yes

high

low

low

high

yes

no

yes

yes

yes

yes

yes

yes

Multicolor Operation

yes

yes

no

yes

Homogeneity

no

yes

yes

yes

Material Yield

low

high

medium

high

Normal incidence
absorption
Operation
Temperature
High Quantum
Efficiency
High Responsivity,
Detectivity
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At the present time, the SLS material can be grown by MBE with a variation of thickness below
1% over a 3” diameter wafer, which is encouraging compared to the MCT composition variation.
Recent work of different research groups devoted to the application of single pixel
photodiodes and focal plane arrays (FPA), based on SLS infrared detectors in the MWIR, LWIR
and VLWIR is summarized below.
• MWIR
Hood et al.20 reported the capacitance - voltage investigation of high-purity InAs / GaSb
superlattice photodiodes with a cutoff wavelength around 5 µm in the temperature range of 20 to
200 K. At 77 K, they found the background carrier concentrations in the mid 1014 cm−3 leading to
high performance infrared optical devices.
Yajun et al.21 reported an infrared photodiode with a cut-off wavelength of 5µm with a 3
μm thick PIN structure. The device responsivity reached 1A/W, and 25% quantum efficiency.
Detectivity was calculated around 109 Jones at 300K under zero bias.
Rehm et al. 22 reported a dual color MWIR/MWIR SLS camera having a NEDT of
29.5mK for the blue channel (cut off wavelength of 4μm) and a NEDT 16.5mK for the red
channel (cut off wavelength of 5μm).
• LWIR
Nguyen et al.23. reported a photodiode with a 12 µm cut off wavelength, a single-pass
quantum efficiency of 54%, and a specific detectivity of around 2.2x1011 cm Hz1/2/W.
Delaunay et al. 24 published on a high performance FPA based on InAs/GaSb SLS
passivated with SiO2 having a 10 μm cutoff wavelength. After the underfill, the RoA of the FPA
was 23 Ωcm2, with an NEDT of 33mK at 81K under an integration time of 0.23ms.
Ting et al.25 published a high-performance long wavelength superlattice complementary
barrier infrared detector (CBIRD) with a 9.9 µm cutoff wavelength, responsivity of 1.5A/W, and
D∗ value of 1.1×1011cm Hz

1/2

/W at 77K.

• VLWIR
Hoffman et al. 26 reported the effect of doping the M-barrier for VLWIR SLS
photodiodes. By optimizing of the doping level of the M-barrier, quantum efficiency exceeded
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20% at a reverse bias of 50 mV, with a 14.58 µm cut off wavelength, and detectivity reached
3.11x1011 cm Hz1/2/W at 77K without passivation.
Dual band LWIR/VLWIR type-II superlattice photodiodes were demonstrated recently27.
These have independent long-wave and very-long-wave infrared responsivity bands, with cutoffs
of 11.4µm and 17µm, respectively.
1.8 nBn Detector Concept
Recently, a new heterostructure design called nBn has been proposed by S. Maimon and
G. W. Wicks28. This is a new type of IR detector designed to increase device performance by
reducing dark current and increasing the operating temperature, without the traditional mesa
definition. The device consists of an n-type narrow band gap semiconductor for the contact
material, a barrier layer with a 50-100nm thick wide-band-gap material, a thick n-type narrow
band gap absorber, and again an n-type narrow band gap semiconductor for the contact material.
The barrier is chosen to have a high energy offset for electrons and no offset for holes.
A heterostructure schematic of an InAs-based device with a corresponding band diagram
biased under operational conditions is shown in figure 1.15. The nBn structure is designed to
operate with the n- type layers in little depletion or flat band conditions with the respect to the
barrier. In the nBn design, the heterostructure barrier blocks the majority carriers (electrons)
using the device as a replacement of the built-in barrier of a p-n diode. On the contrary, the
minority carriers will move easily between the electrodes depending on the bias voltage.
Therefore, the nBn structure operates by drift of the photo-generated minority carriers.
Since Shockley-Read-Hall (SRH) generation-recombination current is associated with the
depletion region of photodiodes, the nBn design essentially eliminates the SRH currents. In a p-n
junction diode, the SRH current in the depletion region can be expressed28 by

J SRH ≈

q ⋅ ni

τ SRH

Wdepletion

(1.10)

where ni is the intrinsic carrier concentration, τSRH is the SRH lifetime of carriers, and Wdep is the
depletion width. It is one of the main dark current sources in MWIR photodiodes below 200K.
The activation energy of the SRH current depends on half of the bandgap (Eg/2), because ni can
be expressed by ~ exp(-Eg/2kT), which means that the dark current source is located at the mid
gap as a trap center.
The diffusion current is always present in a p-n junction or nBn device, expressed28 by
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J diff

q ⋅ ni2 1
≈
⋅
L
N d τ diff

(1.11)

where τdiff is the lifetime, L is the diffusion length of minority carriers and Nd is the doping
concentration. The activation energy of the diffusion current is proportional to the bandgap
energy with ni2 expressed by ~ exp(-Eg/kT). Therefore, the nBn device, limited by a diffusion
process, has an activation energy of Eg, while the p-n junction, limited by the SRH process, has
an activation energy as Eg/2. The difference of a factor of two leads the nBn device to operate at
about twice as high a temperature with similar performance. Figure 1.16 shows the dark current
behavior of nBn device compared to a PIN design.
Moreover, unlike conventional photodiode processing, the size of the device with an
nBn design is not defined by the etch dimensions but, rather by the lateral diffusion length of
minority carriers (holes) due to a shallow etch scheme. The main unintentionally doped intrinsic
layer (active layer) can be left covered by the barrier layer with only the top contact side walls
exposed. Therefore, additional surface passivation is not required because no physical sidewall of
the narrow band gap absorber is exposed to air.

Figure 1.15 Band diagram of InAs-based nBn structure biased under operating condition. 28
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Figure 1.16 Qualitative Arrhenius plot of dark current for the PIN diode and nBn detector.

The first reported nBn detector consisted of an n type InAs layer for the top and
bottom contacts, and a wide band gap barrier (AlAs0.15Sb0.85). Recently, we extended the
concept of nBn the design to the InAs/GaSb superlattice with an AlGaSb barrier, and
created an nBn detector for MWIR29, LWIR,30,31 and with dual color capabilities32.

1.9 Contribution of dissertation
This dissertation is focused on the performance improvement of InAs/GaSb SLS
detectors by implementation of the nBn design and a novel SU-8 passivation scheme, and
realization of an nBn SLS FPA. This dissertation covers three topics.
1) Optical and electrical characteristics of single pixel nBn SLS devices operating in MWIR and
an ohmic contact study. The performance of type-II InAs/GaSb SLS detectors with the nBn
design for MWIR detection will be evaluated. We will compare the electrical properties of an
nBn detector with different etching methods, in particular, the shallow etch scheme (to the top of
the barrier layer) and the deep etch scheme (resembling the conventional etch scheme of PIN
diode). Also, lateral diffusion of minority carriers in nBn based type II InAs/GaSb SLS detectors
with different barrier doping concentrations will be discussed. N-type ohmic contacts to lowdoped type-II InAs/GaSb SLS will be discussed. Finally, the lowest specific contact and
annealing conditions between specific metals and SLS will be presented.
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2) Development of a MWIR focal plane array (FPA) based on the InAs/GaSb SLS material
system with the nBn design: This 320 x 256 FPA was fabricated at the Center for High
Technology Materials (CHTM) at the University of New Mexico (UNM). The hybridization
process and characterization of the FPA will be discussed. The acquired FPA image was the first
FPA image from an nBn design.
3) Development of a new passivation method for mid wave infrared (MWIR) and long wave
infrared (LWIR)

PIN SLS detectors: The origins of surface states will be explained for

semiconductors as well as the formation of native oxide layers on surfaces of InAs and GaSb.
Currently available passivation techniques will be discussed, followed by a novel SU-8
passivation technique applied to MWIR and LWIR SLS devices. The properties of SU-8, a
negative tone photoresist, and its application will be described.
During the dissertation, the entire scope of the research, final results of each study, and
areas of applicability will be presented.

1.10 Conclusion
We introduced the general physics of IR radiation. The concept of black body radiation
and the absorption characteristics of IR radiation in the atmosphere were discussed. Two types of
photodetectors were introduced, namely, thermal and photon detectors. Their differences were
described. Photon detectors were further expanded upon by introducing photoconductive and
photovoltaic types of detectors. Then, current commercially available technologies for infrared
photon detectors (MCT, bulk InSb, and QWIP) were presented. Next, type II InAs/GaSb SLS as
an alternative technology for MWIR and LWIR detection was introduced. Finally, the nBn
design concept implemented on InAs/GaSb SLS was discussed.
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Chapter 2
Experimental methods: Material growth,
Device Fabrication and Characterization
Techniques
This chapter discusses the growth of InAs/GaSb strained layer superlattices (SLSs) on
GaSb substrates by molecular beam epitaxy (MBE) technique. The fabrication procedure
developed for the detectors with the nBn design will be described for both single-pixel SLS
detectors and 320 x 256 focal plane arrays (FPAs). Finally, the methods of characterization used
for the SLS devices will be addressed.

2.1 Material growth
The detector structures studied during this work were grown on n-type (Te-doped)
GaSb (100) epi-ready substrates using solid source molecular beam epitaxy (MBE) in a VG-80
solid source reactor equipped with valved cracker sources for group V Sb2 and As2 fluxes and
Ga/In SUMO® cells.

Figure 2.1 VG-80 MBE solid source with two reactors. This MBE system consists of a
preparation chamber, a load lock and two identical growth chambers.
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Group III growth rates were calibrated by monitoring intensity oscillations of reflected highenergy electron diffraction (RHEED) patterns and confirmed by the growth of SLS calibration
samples with different SLS period thicknesses33. Growth rates of 0.5 ML/sec and 0.44 ML/sec
for Ga and In, respectively, were generally used.
The typical growth procedure of SLS material is described as follows: first, oxide
desorption was performed on GaSb substrates under an Sb2 flux ( ~ 3 x 10-6 Torr) at ~ 520°C for
30 min. After that, a GaSb smoothing layer was deposited with a thickness of ~ 3000 Å at ~
500°C. Next, a 100 nm thick AlxGa1-xSb etch stop layer (ESL) lattice matched to the GaSb
substrate was grown at the same temperature for the purpose of substrate removal during
subsequent processing of the grown material. Finally, for the growth of the SLS, the substrate
temperature was reduced to ~ 400°C and Sb2 flux was reduced to ~ 1 x 10-6 Torr. During the
SLS growth the values of V/III ratios were typically equal to 7 and 5 for the GaSb and InAs
layers, respectively. As-grown SLS material was measured with a Philips double-crystal X-ray
diffracto-meter using the Cu − Kα1 line in order to verify the lattice matched condition of the
SLS and GaSb substrate and extract the exact thickness of one SLS period.

2.2 Mask design and fabrication of single pixel detectors
The fabrication of a conventional single-pixel detector with a PIN design includes the
following steps:
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Figure 2.2 Schematic of a MWIR nBn photodetector (a), High resolution x-ray diffractionmeter (HXRD) (b).
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(1) Optical photolithography for mesa pattern definition
(2) Inductively coupled plasma (ICP) etching to the middle of the bottom contact layer to access
the bottom contact
(3) Metallization of both top and bottom contacts
Thus, the actual size of the PIN detector is defined by the physical mesa dimensions. Figure 2.3
(a) shows the cross-section of a conventional detector with the PIN design.
Unlike conventional photodiode processing, the device size in the nBn design is not
defined by the etch dimensions, but rather by the lateral diffusion length of minority carriers
(holes), as illustrated in figure 2.3 (b). The fabrication procedure for the InAs/GaSb SLS detector
with the nBn design is outlined below:
(1) Optical photolithography for mesa pattern definition
(2) Shallow etch (usually wet chemical etch) to the top of the barrier layer to define the top
contact
(3) Deep etch (usually the dry ICP etch) to the middle of the bottom contact layer to define the
bottom contact
(4) Metallization of both top and bottom contacts
The steps listed above are described in more detail in the following sections.
2.2.1 Wafer cleaning
After the active region is grown, the wafer is transported into the clean-room to remove
microscopic dust particles, metallic ions and residual chemicals for further processing. These
contaminants degrade device processing yield, performance, and reliability. A general wafer
cleaning technique is used before every photolithography step.
The first step to removing containments is to rinse the wafer in acetone, isopropanol
(IPA) and de-ionized (DI) water (for 5 minutes each) followed by blow-drying with nitrogen (N2).
Next, the wafer is dehydrated at 150°C during 5 minutes to remove moisture and provide better
photoresist adhesion.
2.2.2 Application of adhesion promoter
Immediately

following

the

dehydration

bake,

the

wafer

is

primed

with

hexamethyldisilazane (HMDS), which acts as an adhesion promoter. Liquid HMDS is applied
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directly to the wafer by dispensing a fixed volume and spinning the wafer at a fixed speed to
spread out the liquid to a very thin, uniform coating. For spinning, the wafer to be coated with
HDMS is mounted on a vacuum chuck and torque is then applied to the chuck to accelerate the
wafer rapidly at 4000 rpm for 30 seconds. Few monolayers of HMDS coat to the surface of the
wafer. After HMDS is applied, the wafer undergoes a soft bake at 150℃ for 30 seconds; this soft
bake is required to further promote photoresist adhesion.

Figure 2.3 Cross-section of (a) conventional detector with PIN design (b) nBn detector
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Figure 2.4 Formation of a positive sidewall profile for the mesa etch process with positive tone
PR.
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2.2.3 Application of photoresist
The photoresist (PR) is uniformly spun on the wafer at a rotational speed of 4000 rpm
for 30 seconds. During the spin process, the formation of edge beads has to be minimized by
careful optimization of the process parameters since they can cause image distortion during the
UV exposure. Depending on subsequent processing, different tones of PR are used. For the initial
mesa definition etch process, a positive sidewall profile is needed and the wafer is consequently
coated with either AZ 4330 or AZ 4660. In contrast, for metallization, a negative sidewall profile
is desired so the wafer is coated with AZ 5214 IR. Formation of sidewall profiles for positive and
negative tone PRs is illustrated in figures 2.4 and 2.5, respectively. After the PR spinning process,
the soft bake step is performed on a hot plate to evaporate any solvents from the PR. The
temperature and duration of this step (90°C, 90 sec) are defined experimentally with
consideration of manufacturer suggestions.
The UV exposure time is different for positive tone PR as compared to negative tone PR.
For positive PR, as illustrated in Figure 2.4, a one step exposure process is utilized, with 11
seconds at 200 mJ/cm2 on an MJB-3 mask aligner. For negative PR, as illustrated in figure 2.5, a
two-step exposure process is used. First, the wafer is exposed for 3.5 seconds at 200 mJ/cm2 on a
MJB-3 mask aligner. Then an image reversal bake is performed at 112°C for 60 sec. Finally, a
flood exposure (without mask) is performed for 60 sec at 200 mJ/cm2. Positive PR is developed
in AZ400K developer, diluted in four parts of DI water for 70 seconds and negative PR is
developed in AZ400K developer, diluted in five parts of DI water for 33 seconds. After
development, the wafer is rinsed in DI water to remove any residual amounts of developer and
blow-dried with N2.
2.2.4 ICP etching
The etch process is conducted in an inductively coupled plasma (ICP) system set at a
power of 500 W and a frequency of 13.56 MHz. The DC bias is set up to ~240 V for a smooth
etch morphology and a highly anisotropic etching profile based on BCl3 (35 sccm) gas. Figure 2.6
illustrates the etch profile (with total etch depth of ~ 2μm) obtained for a GaSb substrate.
2.2.5 Metallization
Metallization was performed in an electron beam evaporator. We used different
combinations of Ti, Pt, Ni, Ge, and Au to achieve a good Ohmic contact (see chapter 3).
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Figure 2.5 Formation of a negative sidewall profile for the metallization process with negative
tone PR

Figure 2.6 Dry etch profile with total depth of ~2μm was obtained by ICP for GaSb substrate.
Typical deposition rates are 1.5 Å/sec, 1.5 Å /sec, and 2 Å /sec for Ti (Ni,Ge), Pt, and
Au, respectively. It should be noted that Reactive Ion Etching (RIE) was performed in order to
remove residual PR from the wafer surface by O2 descum under a power of 50W.
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Finally, after contact metallization, a liftoff process was carried out by soaking the
samples in acetone for 1~2 hours with subsequent acetone-brush treatment. Then, the thickness of
metal patterns was verified by an alfa-step profilometer.
The fabrication sequence for a single-pixel InAs/GaSb SLS detector with the nBn design
is summarized in figure 2.7 (a) and 2.7 (b).

(a)

(b)
Figure 2.7 General fabrication procedures for the single-pixel nBn detector (a). Figure of the
single-pixel nBn detector after the metal deposition and passivation by SU-8.
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2.3 Fabrication of a 320 x 256 FPA with the nBn design
The FPA masks were designed for 3” wafers to fit in the MJB mask aligner, as shown in
figure 2.8. The dimension of each FPA unit die is 10340 μm x 8970 μm. Therefore, a maximum
of 36 FPAs will be available for a 3” wafer (12 FPAs available for a 2” wafer). There is a 200 μm
space between each unit for dicing, following device processing. In the unit cell, 320 x 256 mesa
patterns were defined using positive tone photoresist. Each FPA pixel has the dimensions of 24
μm x 24 μm with a 30 μm pitch. The cyan color line shows the mesa definition line in figure 2.9
(a). The actual mesa regions are the square areas enclosed by the lines. Consequently the regions
outside these enclosed areas will be etched away. To achieve an easy liftoff process, ohmic metal
and under bump metal deposition masks were designed for a negative photoresist based process.
Deep etch masks were designed for the bottom contact metal deposition of the FPA. Fabrication
of the FPA repeats the basic steps of a single-pixel detector fabrication; however, it requires extra
caution during wafer handling, wafer cleaning and alignment during the photolithography process.
Due to the small dimensions of FPA pixels (24 μm x 24 μm with a 30 μm pitch) compared to
single-pixel detectors (410 μm x 410 μm) alignment of each layer is very challenging and if not
done correctly, can result in poor FPA performance.

Figure 2.8 FPA mask designed for 3” wafer consists of 36 unit cell dies.
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Figure 2.9 FPA masks designed for nBn FPA fabrication (a) mesa definition mask (24 μm x 24
μm pixel with 30 μm pitch ), (b) deep etch mask (red line) (c) contact metallization mask (blue
line, 8μm x 8μm), (d) under bump metallization mask (magenta line, 10μm x 10μm), (e) mask for
indium deposition (green line, 18 μm x 18 μm).
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In addition, contamination from the mask and particles on the wafer can lead to a poorly
operating cluster of pixels in the FPA matrix.
The processing sequence we utilize for fabrication of an InAs/GaSb SLS FPA with the
nBn design can be summarized as follows:
(1) Two-step etch process for the top and bottom contact definition (shallow etch and deep etch)
(2) Under bump metallization (UBM) with Ti / Ni / Au
(3) Bump (indium) deposition
(4) Reflow process

Figure 2.10 nBn detector after the shallow etch, deep etch, and metal deposition
The Under Bump Metal (UBM) is the first step to connect the semiconductor device to
the read-out integrated circuit (ROIC). Therefore, the UBM layer serves as (i) a seed layer for
subsequent indium bump deposition, (ii) the adhesion layer in order to achieve low contact
resistance, and (iii) the diffusion barrier for the bump material. We used Ti (500 Å) / Ni (1500 Å)/
Au (500 Å) as an under bump metal.
Indium is known as a material with good plasticity and high thermal conductivity.
Moreover, molten indium (with a melting point of 156°C) has superior adhesion to a variety of
surfaces at low temperatures, 34 leading to compliant soldering processing. In addition, low
temperature solidification of indium can reduce the thermal stress caused by lattice mismatch
between SLS FPAs and ROICs. These properties make indium the best candidate for the bump
metal.35,36
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Indium, with a total thickness of 2 ~ 3 μm, is deposited in a thermal evaporator at a deposition
rate of 5 Å/sec. Afterwards, the lift off process is performed. Figure 2.11 presents Indium bumps
after the lift-off process for a PIN device. Observed undercut of the In layers is due to application
of a thick positive photoresist (~ 10 μm).
The purpose of the re-flow process is to change the shape of the In-pads deposited on the
UBM layer into a spherical shape, using indium flux, which makes FPA-ROIC bonding easier.
Wafers with the deposited In pads are heated to 200 °C for a few minutes to form balls, as
illustrated in Figure 2.12. The ball formation is held due to surface tension in the liquid-phase.
The total volume of the ball depends on the wettable UBM layer size and the volume of the
indium deposited by thermal evaporation.

Figure 2.11 In-bumps (~2700 Å) deposited using a thermal evaporator after liftoff process for a
PIN detector.

2.4. FPA/ROIC hybridization process
The direct electrical connection of an FPA with a ROIC is known as flip-chip bonding.
This technique enables the smallest packaging with the high speed performance of the FPA, by
eliminating the need for wire bonding while achieving great flexibility of input / output
connections with very robust interconnections from adhesive underfill processing. Flip-chip
bonding of an SLS detector grown and fabricated on a GaSb substrate with a Si based ROIC is

35

presently performed with a FC-150 flip-chip bonder shown in figure 2.13. After mounting the
SLS FPA chip on the upper arm and the ROIC on the lower chuck stage of the flip-chip bonder,
an optical stage with a bi-directional optical microscope is positioned between the SLS FPA and
the ROIC for visual alignment, as shown in figure 2.14. The image of both chips can be seen with
a microscope or displayed on a monitor. After the horizontal, vertical, and rotational alignment
and parallelism adjustment, the optical stage is retreated. Then the upper chip and lower chip are
pressed together with a predefined pressure and temperature.

Figure 2.12 In-bumps formed after re-flow process on a hot plate( ~ 200 ℃)

Figure 2.13 FC -150 flip -chip bonder
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During the bonding cycle, the temperature and pressure were set to 200°C and 200 Newtons (N),
respectively, to melt the indium and bond the two chips. The performance of the FPA can be
greatly degraded (possible electrical disconnection) if the two bonded chips have mismatched
parallelism. Therefore, approximately 10 μm thick indium bumps should be fabricated during the
indium deposition process to compensate for possible variations in parallelism between the FPA
and ROIC.

Figure 2.14 Primary alignment system of on the FC-150 using the bi-directional microscope.
Upper and lower parts can be seen together (a)37. Pre-alignment of sample on the base (b), then
bonding by lowering the upper arm with bonding force (c)38.
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The space not filled with Indium between the ROIC and FPA should be filled with a
nonconductive adhesive material to increase chip strength and long term reliability. The underfill
epoxy can protect the indium bumps from humidity, vibration and chemical contamination
providing additional mechanical bonding strength for the hybrid FPA.
In addition, the thermal expansion difference between the FPA and ROIC can be
compensated through underfill epoxy especially under low temperature working conditions (77
K). Figure 2.15 shows the mechanically polished SLS FPA device on the ISC 9705 ROIC (from
Indigo Co.,) after flip-chip bonding. The whole flip-chip bonded sample was mounted on an 84pin LCC chip carrier with epoxy and wire bonded for operation in a cryostat system.

Figure 2.15 After flip-chip bonding, the device was polished, then mounted on a 84-pin LCC
chip carrier.
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2.5 Device characterization
2.5.1 Spectral response measurement
Figure 2.16 schematically describes the spectral measurement setup which consists of a
Fourier transform infrared spectrometer (FTIR, Nicolet 6700), cryostat, temperature controller
(Lakeshore), current amplifier (Keithley), detector controller, and computer (Omnic software).
The detector sample was mounted on the cold finger of a helium closed-cycle cryostat and
partially covered with a cold radiation shield. The temperature of the sample was controlled in a
range from 10 to 300 K. A Keithley current amplifier was used to bias the device and amplify its
output simultaneously during the measurement. The measured spectrum was collected and
analyzed by the commercially available Omnic software.

Figure 2.16 Schematic diagram of the spectral response measurement setup.

Since the sensitivity of SLS detectors depends on the wavelength of the incident light,
which is typical for photon detectors, we normalized the spectral response of the SLS detector by
dividing the photocurrent of the SLS detector with the signal obtained using a Deuterated
Triglycine Sulfate (DTGS) detector. While measuring the spectrum of the DTGS detector,
velocity correction was also performed.
2.5.2 Current-voltage (I-V) measurement
The analysis of the current-voltage relation of the semiconductor device offers much
information on the electrical and optical properties of the tested device, such as the dominating
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noise mechanism, ratio of bulk and surface components in the dark current, and activation energy.
The ideal current-voltage relation of a semiconductor device without photo-generated current is
given by the Shockley equation

⎛ eV ⎞
I = IS[e x p ⎜
⎟ − 1]
⎝ kT ⎠

(2.1)

where Is is the saturation current, e is charge on the electron, V is an applied bias voltage, T is
device temperature (Kelvin), and k is the Boltzmann constant (1.38 x 10-23 J/K).
The product of diode resistance measured at zero applied bias and the device area is
referred to as the dynamic resistance-area product at zero bias (R0A). Devices with low values of
R0A tend to generate high noise or breakdown over time. The surface dependence of R0A can be
approximated as

⎡⎛ 1 ⎞
1
1
P⎤
⎟⎟
= ⎢⎜⎜
+
⋅ ⎥
R0 A ⎢⎣⎝ R0 A ⎠ bulk rsurface A ⎥⎦

(2.2)

where (R0A)bulk is the bulk R0A contribution (Ωcm2), rsurface is the surface resistivity
(Ωcm), P is the diode’s perimeter and A is the diode’s area. For a diode of infinite size (P/A = 0)
R0A given by equation (2.2) yields the bulk R0A value of the material, independent of the surface
effects. The slope of the function given by equation (2.2) is directly proportional to the surfacedependent leakage current of the diode. A diagram of the I-V measurement setup is presented in
figure 2.17
Also, the ratio of bulk and surface components of dark current as well as activation
energy for the device can be extracted from measured I-V curves from a variable area diode area
(VADA technique). The size of the mesa sides of the square VADA patterns in our experiments
are 30 μm, 50 μm, 100 μm, 200 μm, 300 μm and 400 μm, which are shown in figure 2.18. Using
low-temperature probe station we measured I-V characteristics of the VADA devices within the
77 – 300 K temperature range.
The activation energy can be extracted from the temperature dependant IV curve. It is
almost equal to the SLS band gap, indicating that the device is working under the diffusion
dominated performance at high temperature. Figure 2.19 represents the schematic Arrhenisus plot
of the dark current for bulk limited (nBn with shallow etch) and surface limited (PIN with deep
etch) devices.
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Figure 2.17 Diagram of the I-V measurement setup.
This figure indicates that a bulk limited detector has better performance compared to a surface
limited detector at the same operation temperature. Furthermore, bulk limited detectors can be
operated at higher temperatures compared to surface limited devices.
2.5.3 Responsivity measurement and detectivity estimation
The responsivity of the IR detector is defined as the electrical output signal (voltage or
current) of the detector, divided by the incident radiation power. The responsivity is expressed
either by volts per watts (voltage responsivity, V/W) or amps per watts (current responsivity,
A/W) of the incident radiant power. The responsivity depends on frequency and wavelength.
Therefore, spectral responsivity R (λ, f) is the output signal (current or voltage) response
compared to incident radiation on the detector, modulated at frequency f. The responsivity varies
with incident photon energy, device bandgap, and absorption coefficient and quantum efficiency
of the material.
Typically, we use a calibrated blackbody source to create a signal and determine the
peak spectral responsivity of a given detector by using equation (2.3).85 The measurement setup
of the peak responsivity is shown in figure 2.20. The peak responsivity of the device is calculated
using the spectrum data collected, as previously described in section 2.5.1, and photocurrent
measured by a Stanford Research SR770 network analyzer using a calibrated blackbody source
(MIKRON), optical chopper, and a current amplifier (Keithley).
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Figure 2.18 The mask pattern for single pixel device characterization with conventional mesa
devices ( 410 x 410 μm2 ) and variable sized devices from the 30 x 30 μm2 to the 400 x 400 μm2.

surface limited
Log I
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Figure 2.19 Schematic Arrhenius plot of dark current against 1/T. Bulk current limited device
shows a better performance.
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c

Where v0 is the output voltage produced by the detector, As is a source or black body area, Ad is
the area of a detector, τ is a transmittance of the detector window, FF is a form factor for
conversion of peak to peak to rms, r is the distance from the source to the detector, h is Planck
constant, and k is Boltzmann constant.

42

The spectral detectivity D*(pronounced "D star") for photovoltaic detectors can be expressed as

D* =

λ

η

( 2.4)

hc 2 Eq ,background

where Eq, background is the incident photon flux density from the background. This figure of merit
represents sensitivity normalized to a 1-Hz noise equivalent bandwidth and a 1-cm2 area. The
unit of D* is defined as [cmHz1/2/watt]=[Jones]. Also, the spectral D* for a photovoltaic device
having Johnson noise and shot-noise limited performance can be expressed as

D* =

R
2qJ + 4kT (Rd Ad )

(2.5)

where R is the responsivity, q is the electronic charge, T is the temperature of the device, k is
Boltzmann’s constant, J is the dark current density, Rd is the dynamic resistance, and Ad is the
diode area. Higher performance devices have a higher RdAd product because the RdAd product is
an internal device characteristic which depends on the grown material properties and fabrication
process.

Figure 2.20 Schematic diagram of the peak responsivity measurement setup. IR illumination
from the pupil of a blackbody source goes through the chopper holes and onto the SLS device.
The incident radiation is converted to a current signal proportional to the incoming beam intensity.
Then, the signal is amplified and measured.
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2.6 Conclusion
In this chapter growth of the InAs/GaSb SLS material by the MBE technique was
discussed. Fabrication procedures for the single pixel SLS detector as well as FPA with nBn
design were described in details. Physical foundations underlying current-voltage (I-V), spectral
response and responsivity measurements were addressed. Finally, schematics of experimental
set ups used for spectral response, I-V, and responsivity measurements were presented.
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CHAPTER 3
The properties of type-II InAs/GaSb
strain layer superlattice detectors with
nBn design for MWIR detection
In this chapter, the development of InAs/GaSb strained layer superlattice detectors
with nBn design for the MWIR spectral region will be presented. Detector growth, fabrication
and performance of single pixel device will be discussed.

3.1 nBn SLS
3.1.1 Reduction of dark current in nBn SLS detectors
A traditional PIN SLS detector consists of p- and n- contact layers and a nonintentionally doped (n.i.d.) absorber region, that is usually fully depleted. As a result, one of the
major dark current sources that exists in a conventional PIN detector is generation-recombination
(G-R) currents associated with the presence of Shockley-Read-Hall generation-recombination
centers in the depletion region of a photodiode. Under reverse bias operation, these G-R centers
with energy levels in the band gap are activated, and electron-hole pairs created without photon
absorption are removed by the electrical field of the depletion region without contribution to the
photo current. Another contribution to dark current is surface leakage current associated with
exposed PIN diode sidewalls. 39 Recently proposed nBn heterostructure design eliminates the
surface leakage component of dark current due to the method used to fabricate the device.
Moreover, the Shockley–Read–Hall generation-recombination component of dark current is also
excluded, since the nBn structure is intended to operate with the n-type layers in flatband or with
a little depletion. This chapter will introduce the properties of the nBn SLS device and the
specific processing steps required for the fabrication of single pixel nBn detectors.
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3.1.2 Material growth of the SLS detector with nBn design
The heterostructure schematic of a typical SLS detector with the nBn design intended to
operate in the MWIR spectral region is shown as an inset in figure 3.1. The detector structure was
grown on a GaSb n-type (001) substrate. The first layer of the devices was an Al0.2Ga0.8Sb layer
which is used as an etch stop layer for the substrate removal process. Then a 0.35 μm thick n-type
superlattice bottom contact composed of 8 ML of InAs doped with Si (n = 4x1018cm-3) and 8 ML
of GaSb were grown. Next the n.i.d absorbing layer was grown with a thickness of 1.4 μm. After
the absorbing layer, an Al0.2Ga0.8Sb barrier layer was grown with a thickness of 100 nm. This
heterostructure barrier was chosen because the majority carriers (electrons) are blocked while the
minority carriers can flow with minimal impedance due to a small valence band offset with the
neighboring SLS layer. Also, the barrier is intended to be thick enough to prevent electron
tunneling between the top contact layer and the absorbing layer. Therefore, the majority current
will be blocked by the barrier material under an applied bias. Finally, the 100nm thick top contact
layer was capped with the same structure, composition, and doping concentration as the bottom
contact layer in order to create an ohmic metal contact. The structural property of the device was
evaluated by high resolution x-ray diffraction (HRXRD) measurements and the resulting HRXRD
spectrum is presented in figure 3.1. The SLS is shown to be lattice matched to the GaSb substrate
within 0.045%. Also, the full width half maximum of the 1st order SLS peak is 32.4 arcsec
indicating the small broadening crystalline quality of the grown SLS material.
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Figure 3.1 HRXRD spectrum of the InAs/GaSb SLS MWIR detector with nBn design and an
absorber layer thickness of 1.4 μm. Inset shows the heterosctructure schematic of the device.
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3.1.3 Fabrication of a single pixel InAs/GaSb SLS MWIR detector with the nBn design
Processing was initiated by standard optical photolithography for the mesa definition of
the device. The detector mesas were defined by two subsequent etches. The first etch was
performed with HCl-based solution to the top of the barrier layer (etch depth ~100nm). The
second etch was performed with inductively coupled plasma (ICP) down to the middle of the
bottom contact layer as illustrated in figure 3.2. Next, top and bottom contact metallization was
conducted using an electron beam evaporator.
The resulting nBn structure further referred as the “shallow etch detector” is shown in
figure 3.2. For comparative purposes, the same detector material was processed with the
fabrication scheme of the conventional PIN diode as illustrated in figure 3.3. In this case only one
etch step is performed, from the top contact layer to the bottom contact layer through the
absorbing region. Further this detector structure is referred as the “deep etch detector”. Since the
“deep etch detector” has exposed side walls around the narrow band-gap absorber layer, we
expect higher surface leakage currents and, consequently, a larger dark current for this device.

Lateral diffusion length

SLS n 100nm
Al 0.2 Ga 0.8Sb 100nm
SLS ( n.i.d )
absorber
SLS n 350nm
Al 0.2 Ga 0.8Sb 100nm
GaSb:Te Substrate

Figure 3.2 The schematic of the nBn device utilizing a two step etching process consisting of a
shallow etch top contact definition and a deep etch bottom contact definition.
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The active area of the “shallow etch device” is defined by the lateral diffusion length of
the minority carriers (holes). In addition, since the “shallow etched device” has a large band gap
barrier material covering the active area, it essentially protects itself from device contamination
during the device processing and harsh air contaminants.

SLS n 100nm
Al 0.2 Ga 0.8Sb 100nm
SLS ( n.i.d )
absorber
SLS n 350nm
Al 0.2 Ga 0.8Sb 100nm
GaSb:Te Substrate

Figure 3.3 The schematic of the nBn device utilizing the fabrication scheme of conventional PIN
diode.

3.1.4 Optical and electrical characterization of the InAs/GaSb SLS MWIR nBn detector
In order to conduct electrical and optical characterization of the fabricated detectors,
they were mounted on a leadless chip carrier and wire bonded. Figure 3.4 shows the typical
spectral response (at Vb= 0.5V) for temperatures ranging from 77 to 250K. Forward bias is
defined as a positive bias applied to the bottom contact of the detector. The measured 50% cutoff
wavelength was 4.7 μm at 77K. Also, the cutoff wavelength shows a red shift by ~0.7 μm with an
increase in temperature (255K).
The dark current density versus applied bias is shown in figure 3.5 measured at
temperatures ranging from 77 to 294K for the shallow etched and deep etched devices where the
forward bias refers to a negative voltage applied to the top contact with respect to the bottom
contact. In this measurement, the negative bias of the nBn detector is defined as a negative bias
voltage applied to the top contact of the device. The ratio of the dark current densities for the
deep etched and the shallow etched devices are shown in figure 3.6.
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Figure 3.4 Spectral response of the InAs/GaSb SLS MWIR nBn device versus wavelength for
temperatures at 77K, 100K, 150K, 200K, and 250K(negative bias on the top).
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Figure 3.5 Dark current density versus applied bias for various temperatures for the shallow and
deep etched devices. Reverse bias here refers to a negative voltage applied to the top contact with
respect to the bottom contact
At high temperatures (~250K), the dark current levels are similar for both the deep etched
(0.12055A/cm2) and shallow etched devices (0.07974 A/cm2). However, the shallow etched
device presents a much lower dark current (2.3x10-6 A/cm2) than the deep etched diode dark
current density (3.12x10-4 A/cm2) at 77K under a bias of negative 0.1V. The dark current density
of the shallow etch device is two orders of magnitude lower than that the deep etched device.
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Figure 3.6 Dark current density ratios between the shallow and deep etched devices.
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Figure 3.7 The responsivity (left axis) and quantum efficiency (right axis) for the shallow etched
detector (410 x 410 μm2).
This is consistent with the fact that for a 410 μm x 410 μm SLS photodetector, the
surface current is not the dominant current mechanism at higher temperatures. For smaller
devices the surface current is the dominant current because of a larger perimeter over area ratio.
The quantum efficiency and responsivity were measured for the shallow etched detector
and are shown in figure 3.7. The input signal from the calibrated Micron blackbody source at a
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temperature of 500K was collected using a Stanford Research SR570 low noise current amplifier
and a Stanford Research SR770 FFT network analyzer. The quantum efficiency and responsivity
at 4.0μm and a bias of Vb= 0.5V were 23% and 0.74 A/W, respectively, without any antireflection
coating.40

3.2 Lateral diffusion of minority carriers in InAs/GaSb SLS MWIR
detectors with the nBn design
3.2.1 Back ground of lateral diffusion study
The nBn device shows a reduction in dark current density, for the shallow etch scheme,
of approximately two orders of magnitude at low temperatures as compared to devices created
using conventional photodiode processing with deep etched mesas. In the shallow etched device,
the device area is defined not by the physical dimensions of the etched mesa, but rather by the
lateral diffusion of the minority carriers (holes). A concern that arises, however, is if the lateral
diffusion length is larger than the distance between neighboring FPA pixels (typically ~6μm),
there will be electrical crosstalk. The occurrence of device crosstalk in FPAs can lead to
degradation of an FPA’s image quality. Therefore, we have studied the lateral diffusion length for
different barrier compositions, temperatures, and applied bias.
3.2.2 Heterostructure design
To study the lateral diffusion length behavior in InAs/GaSb SLS MWIR detectors with
the nBn design four structures were grown. The corresponding heterostructure schematics are
shown in Figure 3.8. A 100 nm thick AlxGa1-xSb etch stop layer was grown after the GaSb buffer
layer. The nBn structure consists of a 75 period thick n-type bottom contact layer made of SLS
InAs:Si (8 MLs) / GaSb (8 MLs), followed by a non-intentionally doped (residually n-type) 200
period thick absorbing layer consisting of SLS InAs (8 MLs) / GaSb (8 MLs), followed by a 100
nm thick AlxGa1-xSb barrier layer, where x equals 0.3, 0.49, 0.60, and 0.66, next, a 20 nm thin
GaSb layer, and a 0.09 μm n-type top contact layer made of the same SLS as the bottom contact
layer. The doping concentration in the Si-doped InAs layers were set to 4 x 1018 cm-3 to ensure
good ohmic contacts. Mesas with sizes ranging from 30 to 400 μm were defined using standard
photolithography.
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To define the top contact layer and bottom contact layer while having a shallow etched
region around the devices, two subsequent ICP etches were conducted. Then Ti/Pt/Au was used
as a contact metal for both the top and bottom contact metallization and they were deposited
using an electron beam evaporator.

Al(30%)

Al(49%)

Al(60%)

Al(66%)

Figure 3.8 Schematic device structures with varying aluminum composition. The GaSb layer
(20nm) on top of the barrier layer is used to prevent exposure of the Al- containing compound to
atmosphere.
For the dark current measurements of the nBn device, the forward bias was defined as a positive
voltage applied to the bottom contact layer of the device. The dark current of a conventional PIN
device consists of both bulk and surface components. However, for the shallow etched nBn
device there are no exposed mesa side walls. Therefore, large dark current of the small area diode
is due to under estimation of the device area due to laterally diffused carriers around the device.
The lateral diffusion of minority carriers (holes in the presents) is present, every mesa diode has
an additional area As around the periphery of the diode which can be expressed as41
As = (d + 2Lh) 2- d2

(3.1)

where d is the size of the mesa side and Lh is the diffusion length of the minority carriers. The
inset in figure 3.9 schematically shows the planar view of a mesa diode with the side d and
additional area As around diode. The smaller-area diode’s performance is more dependent on the
additional area from laterally diffused carriers. In the same sense, lateral diffusion current has a
smaller effect a large area diode. If the diffusion length Lh in the limit that d→0 can be calculated
as
Lh = (As/4)1/2.
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(3.2)

Figure 3.9 The evidence of lateral diffusion (a). When bulk and lateral diffusion components are
presented, the intercept of the fitted line with x-axis corresponds to the additional As(b).

Figure 3.10 Calculated lateral diffusion length Lh as a function of Al- composition in the barrier
at different values of applied bias.42
If there is no lateral diffusion effect, the dark current density would be the same for different size
of mesa. However, the measured dark current densities were different values for each mesa as
shown in figure 3.9 (a). The values of dark current as a function of mesa area at certain bias
voltage Vb were plotted and a linear fit of these data points was performed. If the dark current is
dominated by bulk processes, the fitting line intercepts with the origin. On the contrary, when
bulk and lateral diffusion components of dark current are present, the intercept of the fitted line
with the x-axis corresponds to As as shown in figure 3.9(b). Therefore, each Lh is calculated using
an equation (3.2).
The calculated value of diffusion length as a function of barrier layer composition is
shown in figure 3.10 at 77 K under different biases. The diffusion length with an aluminum mole
fraction composition of 49 % has the shortest diffusion length. This behavior is believed to be
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indicative of the smallest valence band off set between the AlxGa1-xSb and the n.i.d SLS absorber,
leading to less inhibited movement of the minority carriers (hole) under an applied bias.

3.3 N-type Ohmic Contacts on Type-II InAs/GaSb Strained Layer
superlattices
3.3.1 Overview of semiconductor-metal contact
In order to get an electrical signal from the InAs/GaSb SLS detector, the devices have to
be connected to the exterior world by means of semiconductor-metal connections. The
semiconductor-metal contact can be classified into the two categories, Schottky barrier contacts
and ohmic contacts. Schottky barrier contacts have rectifying characteristics, whereas, ohmic
contacts have non-rectifying current flow in both directions providing a low contact resistance.
The metal work function (measured in volts, φm) is the energy needed to remove an electron from
the Fermi level of the metal to the vacuum level which is used as a reference. The semiconductor
work function and the electron affinity are represented by φs and χ, respectively. The case of φm >
φs, the ideal metal-semiconductor energy band diagram, in the equilibrium, is shown in figure
3.11. In order to have the same Fermi level throughout the metal and semiconductor contact
system, electrons have to flow from the semiconductor into lower energy states of the metal.
Consequently, the positive donor ions stay in the semiconductor producing a depletion region.
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Figure 3.11 An ideal energy band diagram between an n-type semiconductor and a metal
junction for φm > φs .
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The energy difference (φB0) between the bottom of the conduction band of the
semiconductor and the Fermi level of the metal is expressed by
φB0 = φm – χ

(3-3)

which was first presented by Schottky.
3.3.2 Ohmic contacts of semiconductor-metal contacts
Contacts have to be made between the semiconductor surface and the outer connection
(metal) for extracting the device signal. This contact should be made using an ohmic contact. A
high-quality ohmic contact is a metal on semiconductor bond that provides non-rectifying I-V
characteristics and a low resistance junction between the metal and semiconductor regions.
However, the semiconductor surface after or during processing is believed to be contaminated by
a few mono-layers of captured atoms or covered by a thin native oxide layer. Therefore, an
annealing process is needed to obtain a good metal contact between the semiconductor and metal.
There are two types of ohmic contacts between semiconductor and metal: ideal nonrectifying barriers and tunneling barriers. Figure 3.12 shows a diagram illustrating the band
structure of a non-rectifying barrier under the condition of φm < φs for an n-type semiconductor.
In the contacts between the semiconductor and metal, electrons will go to the lower energy states
in the semiconductor to reach thermal equilibrium in the junction. Therefore, the semiconductor
surface will be changed to a more n-type structure with an excess electron charge. While applying
a positive bias on the metal, electrons will easily flow without the barrier from the semiconductor
to the metal.

Ec
Ef

Ef

Ev

Figure 3.12 The energy band diagram illustrating a non-rectifying barrier contact between a ntype semiconductor and metal with φm < φs.
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One of the choices for an ohmic contact is the tunneling barrier with a quantum
mechanical tunneling process via a barrier in which φm > φs. Under these conditions contacts can
be fabricated between the metal and semiconductor with a high impurity doping concentration
which results in tunneling current being the dominant current source.
A figure of merit for the characterization of ohmic contact quality is specific contact
resistance, Rc. It can be expressed by

RC = ⎛⎜ ∂J ⎞⎟
⎝ ∂V ⎠

−1

(3.4)
V =0

which shows the reciprocal of the derivative of the current density with respect to voltage
evaluated at zero bias. For a good ohmic contact, it is required that Rc be as small as possible.
For the case of a semiconductor laser or light emitting diode, the specific contact resistance is in
the range of 10-2 – 10-5 Ω·cm2. With a high impurity doping concentration, the specific contact
resistance can be represented by

⎡ + 2 ε s mn* φ ⎤
RC ∝ exp ⎢
⋅ Bn ⎥
=
N d ⎥⎦
⎢⎣

(3.5)

where Nd is the doping concentration and φbn is the effective barrier height for electrons. From
equation (3.5), the specific contact resistance shows a strong dependence on the semiconductor
doping concentration. As a result, high quality ohmic contacts require a highly doped material in
order to lower the electron resistance in the semiconductor material.
The first method of creating an ohmic contact by utilizing a barrier tunneling process in
the surface of a III-V semiconductor material requires the use of ion implantation or diffusion to
produce a n+ region. Diffusion should be conducted at a high temperature. The second method
utilizes liquid phase epitaxy, vapor phase epitaxy or molecular beam epitaxy to deposit a thin
highly doped layer on the III-V semiconductor, which eliminates oxide related contamination. In
addition, MBE ohmic contacts do not require annealing and alloying materials which provid
smooth and featureless contact surfaces. The third method uses alloy deposition on the
semiconductor and a consecutive rapid thermal annealing step, which is the most widely used and
simplest technique to form a high-quality ohmic contact on III-V materials. Figure 3.13 shows a
practical ohmic contact utilizing quantum tunneling. The metal for an ohmic contact can work as
a donor impurity material. After performing a rapid thermal anneal, deposited metal can diffuse
into a semiconductor surface and lead to a heavily doped n+ layer on the top of the device surface.
As a result, the space charge region in the semiconductor-metal contact is inversely proportional
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to the square root of the doping concentration. So the width of the depletion shrinks as the doping
concentration in an n-type material is increased, thus, a potential barrier will become very thin
due to the increased doping concentration. Finally, contact between the semiconductor and metal
permits quantum tunneling of electrons through the barrier.

metal

n-type material
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n
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Figure 3.13 A practical ohmic contact between a n-type semiconductor and a metal by utilizing
quantum tunneling through a barrier.
3.3.3 Ohmic contact between a SLS device and metal
As discussed in Section 3.1, a typical nBn SLS photodetector structure is formed with a
thick non-intentionally doped (n.i.d.) SLS absorber layer grown on top of an n-type bottom
contact layer followed by a 100 nm thick barrier layer. The structure is capped with a top contact
layer of the same superlattice composition, thickness and doping concentration as the bottom
contact layer. However, a space-charge region associated with the n-n+ homojunction between
the n.i.d. absorbing and the heavily doped bottom contact layer of the detector is formed. Thus,
SRH generation-recombination currents are present in such a structure and could contribute to the
total dark current of the device. In order to improve the device performance, the doping levels of
the contact layers have to be reduced. In this section, different metallization schemes were
investigated in order to form a high-quality ohmic contact on low-doped (3 x 1017 cm-3) n-type
InAs/GaSb SLS. The low resistance ohmic contacts are an essential component for achieving
good electrical transport in the device.

57

3.3.4 Device structure
The InAs/GaSb SLS material investigated in this study was grown using a solid source
MBE with n-type epiready (100) GaSb substrates. The inset to figure 3.14 represents a SLS
sample structure consisting of 100 periods of 8 monolayers (ML) InAs: Si / 8 ML GaSb SLS with
a total thickness of 465 nm. A HRXRD plot of the grown structure is shown in figure 3.14.
Figure 3.5 shows the doping concentration as a function of the Si cell temperature for 8
monolayers InAs / 8 ML GaSb SLS.
3.3. 5 Experimental Details
The transfer length method (TLM) was used to determine the specific contact resistance.
The dimensions of the TLM metal pads were 50 μm x 100 μm with the interspacing varying from
10 μm to 70 μm. The TLM patterns were defined by conventional UV photo-lithography. Prior to
the metallization, the samples were etched successively in HCl : H2O (1:3) and 10 % buffered
oxide etchant (BOE) for 30 seconds to remove the native oxide. The typical fully-processed TLM
structure is shown in figure 3.16 with an Ohmic metal.
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Figure 3.14 HRXRD analysis for the grown sample. The inset represents a schematic of the SLS
device for ohmic contact testing.
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Figure 3.15 Doping concentration of an n-type SLS contact layer as a function of the MBE Si
cell temperature.

Figure 3.16 The processed TLM structures on the n-type SLS after metal deposition.

After lift-off, the samples were subjected to a rapid thermal anneal (RTA) at different
temperatures and annealing times in a pure N2 atmosphere. The specific contact resistance was
calculated using the relation
ρc = RSLT2

(3.6)
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Figure 3.17 (a) Schematic of the TLM patterns. (b) Simple TLM method using a linear array of
unequally spaced ohmic metal contacts.

where ρc is the specific contact resistance, in Ωcm2, RS is the sheet resistance, and LT is the
transfer length, in μm. The first metallization control samples included layers of Ti (500 A)/Pt
(500 A)/Au (3000A), which make up a conventional ohmic metal for 8ML InAs/8 ML GaSb SLS.
Samples having different doping concentrations were annealed under the following conditions: (I)
no annealing (II) 260 °C for 1 minute (III) 350 °C for 1 minute and (IV) 385 °C for 1 minute. The
measurement results are summarized in figure 3.18.
For an undoped SLS material (n ~ 3x1016cm-3), Ti/Pt/Au metallization did not lead to
ohmic behavior. The contact resistance was calculated to be approximately 55 Ω for all the
annealing temperatures. After increasing the level of doping concentration in the SLS layer ohmic
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behavior was observed in the current-voltage characteristics and contact resistance was improved.
Under the highest doping level (n = 4x1018cm-3), the device demonstrated contact resistance equal
to 2.4 Ω (annealing at 350 °C for 1 minute) and 3.7 Ω (no annealing). Annealing at 380 °C lead to
degraded surface morphology without any improvement. In order to achieve an ohmic contact to
the n-type InAs/GaSb SLS the minimum doping concentration must be higher than 1 x 1018 cm-3
as indicated by the measured results. Therefore, a different metallization needs to be used to
obtain ohmic contacts to the InAs/GaSb SL contact layer at lower doping concentrations.
The next metallization materials were investigated in our study:
(V)

Pd (88 Å)/Ge (580 Å)/Au (235 Å)/Pt (470 Å)/Au (1057 Å)

(VI)

Ge (201 Å)/Au (423 Å)/Pd (457 Å)/Au (507 Å)

(VII)

Ge (287Å)/Au (568 Å)/Pt (504 Å)/Au (2000 Å)

(VIII)

Ge (284 Å)/Au (584 Å)/Ni (221 Å)/Au (2002 Å)

(IX)

Ge (282 Å)/Au (547 Å)/Ni (50 Å )/Pt (470 Å)/Au (2001 Å).
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260 C 1 min
o
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o
350 C 5 min
o
385 C 1 min
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1E19
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Figure 3.18 Resistance vs doping concentration in the contact layer at different annealing
temperatures for Ti/Pt/Au contacts on n-type InAs/GaSb SLS.

61

The first (V) metallization was chosen as a possible solution to form ohmic contacts
with a low-doped n-type SLS(3x1017/cm3) since Pd/Ge/Au-based metallization has been shown to
provide good ohmic contacts to n-type GaSb substrates and n-type bulk GaSb materials grown by
MBE.43,44 It combines the advantages of solid phase reactions of Ge-based contacts with the low
ohmic resistance of Au-based contacts. In our study, this contact was annealed in the range of
310-380°C. The current-voltage characteristics were non-linear for all annealing temperatures.
Above 360°C degradation of the metal surface was also observed for 60 seconds of annealing.
We attribute the non-ohmic behavior of the contact to the lack of inter-diffusion between the ntype SLS material and Pd.
Next, Ge/Au/Pd/Au metallization (VI) was investigated. Since Ge easily diffuses during
the alloying process, the formation of a good Ohmic contact was expected. The Pd layer serves as
a diffusion barrier. After annealing at 275°C for 20 seconds, this metallization demonstrated
Ohmic behavior with a specific contact resistance of 3.7 x 10-4 Ωcm2. No degradation of the
surface metal layer was observed.
In order to reduce the specific contact resistance and knowing that the Pt is often utilized
as a refractory metal interchangeably with the Pd, we modified the metallization scheme (VI) by
utilizing Pt as a diffusion barrier (metallization (VII)). A linear current-voltage characteristic was
observed after annealing at 360°C for 30 seconds and resulted in a specific contact resistance of
5.3 x 10-5 Ωcm2. Despite a relatively high annealing temperature, a smooth surface of the asdeposited metal was observed.
In order to further improve the ohmic contacts with the n-type SLS material, a GeAuNibased metallization (VIII) was investigated.45 Ni helps inter-diffusion of Ge and Ga atoms, in
addition while Ni acts as a wetting agent and prevents “balling up” of the metal stack during
alloying. This layer sequence was annealed using various temperatures from 200°C to 380°C
with the annealing time varied from 1 minute to 5 minutes. I-V characteristics presented in figure
3.19 (a) show ohmic behavior after annealing at a temperature as low as 300°C for 1 minute.
However, contradictory to our expectations, a severe degradation of the metal surface was
observed even for the lowest annealing temperature (250°C) and the minimal annealing time (60
seconds).
Finally, we developed a Ge/Au/Ni/Pt/Au metallization scheme combining the
advantages of previously investigated (V) – (VIII) metallizations.
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Figure 3.19 Electrical behavior of (a) Ge (284 Å)/Au (584 Å)/Ni (221 Å)/Au (2002 Å) and (b)
Ge (282 Å)/Au (547 Å)/Ni (50 Å )/Pt (470 Å)/Au (2001 Å) metallization at different annealing
temperatures. Annealing time was equal to 60 seconds for all experiments.

This layer sequence was annealed in the 270-380℃ temperature range for 60 seconds.
Figure 3.19(b) illustrates I-V characteristics measured after annealing at different conditions. An
ohmic behavior was observed after annealing at temperatures of 360°C for 60 seconds. The
minimum specific contact resistance was evaluated to be 1.6 x 10-5 Ω·cm2 (380°C, 60 seconds)
which is comparable with that reported for an n-type GaSb substrate. No surface degradation of
the metal contact was noticed. Minimum values of specific contact resistance obtained for
metallization (VI), (VII) and (IX) are summarized in figure 3.21.
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Figure 3.21 The best obtained values of specific contact resistance for (VI) Ge (201 Å)/Au (423
Å)/Pd (457 Å)/Au (507 Å), (VII) Ge (287Å)/Au (568 Å)/Pt (504 Å)/Au (2000 Å) and (IX) Ge
(282 Å)/Au (547 Å)/Ni (50 Å )/Pt (470 Å)/Au (2001 Å) metallization on the SLS.

3.4 Conclusion
In this chapter we discussed implementation of the nBn concept on InAs/GaSb SLS
material. The InAs/GaSb SLS MWIR nBn detector with an absorber layer thickness of ~ 1.4μm
showed a ~4.3μm cutoff wave length at 77K. The shallow etched devices have been shown to
reduce dark current by approximately two orders of magnitudes as compared to the same
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structure with the conventional deep etching scheme, due to elimination of surface currents at
77K. The measured responsivity, quantum efficiency, and shot noise limited spectral detectivity
were equal to 0.74 A/W, 23%, and 2.8 x 1011 Jones at a bias of Vb = 0.5 V, and wavelength of λ =
4 μm.
The device size of an nBn is not defined by the etched dimension but by the lateral
diffusion length of the minority carrier. The aluminum mole fraction in AlGaSb of 49% had the
smallest diffusion length of approximately 20μm at 77K due to the minimization of the valence
offset in the heterostructure.
We have investigated different metallization schemes in order to form good Ohmic
contacts on low-doped (3 x 1017cm-3) n-type InAs/GaSb SLS. Ge (282 Å)/Au (547 Å) /Ni (50 Å )
/Pt(470 Å) /Au(2001Å) metallization has demonstrated the lowest specific contact resistance (1.6
x 10-5 Ωcm2).86
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Chapter 4

Mid-IR Focal Plane Array based on Type-II
InAs/GaSb Strain Layer Superlattice
Detectors with the nBn Design
Recently, single pixel detectors based on the nBn structure with InAs/GaSb SLS as the
n-type narrow band gap layer and an AlGaSb barrier layer have been reported.29 In this chapter, we
will introduce a MWIR 320 x 256 InAs/GaSb SLS nBn FPA. First, we will discuss the nBn SLS
device band structure and physical device structure, then briefly, FPA fabrication processing.
Finally, the performance of the nBn FPA device will be presented.

4.1 nBn device structure
Detector samples were grown on Te-doped epi-ready (100) GaSb substrates using a solid
source MBE VG-80 system. The detector structure consists of a 100 nm thick Al0.2Ga0.8Sb etch
stop layer followed by a 360 nm bottom contact layer formed by 8 monolayers (MLs) InAs:Si (n
= 4 x 1018 cm-3)/8 MLs GaSb SLS. Then a 2.4 μm thick non-intentionally doped (n.i.d.) absorber
formed by 8 MLs InAs/ 8 MLs GaSb SLS was grown followed by a 100nm thick Al0.2Ga0.8Sb
barrier layer. The structure was terminated by a 100 nm n-type (n = 4 x 1018 cm-3) top contact
layer. The SL absorption region is residual n-type with a carrier concentration in the low 1016cm-3
at room temperature.46
The band structure schematic and heterostructure schematic are presented in figure 4.1
(a, b), respectively.

4.2 nBn FPA fabrication and hybridization
Each processed FPA die consists of 320 x 256 pixels with a 30 μm pitch. On a quarter of
a 2” GaSb wafer two FPAs were realized, each with an area of 10.34 mm x 8.97 mm.

66

SL n 20p 8x8MLs
Al0.2GaSb 100 nm
SL nid 500p
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”

(b)

Figure 4.1 (a) band structure schematic of a nBn structure under applied bias. It is desired for the
barrier layer to have a zero valence band offset. (b) The heterostructure schematic of the nBn
device. The top Al0.2Ga0.8Sb layer works as a barrier layer. The bottom Al0.2Ga0.8Sb layer works
as an etch stop layer during the substrate removal process.

Figure 4.2 Microscope image of an nBn FPA after the shallow wet chemical etch using
phosphoric acid.
Processing was initiated by defining 24 μm x 24 μm squares with standard UV photolithography
and a shallow wet chemical etch using phosphoric acid was performed as shown in figure 4.2. It
is to be noted that the depth of the shallow etch was equal to 0.15 μm, which corresponds to the
middle of the barrier layer. Thus the active absorber layer underneath is untouched. Then an

67

inductively coupled plasma (ICP) dry etch to the middle of the bottom contact layer on the three
outermost rows and columns of the FPA was undertaken. A scanning electron microscope (SEM)
image of a part of a fully processed FPA is shown in the figure 4.3 and illustrates the two steps of
the etching process. Top and bottom contacts were then deposited using an electron beam metal
evaporation system. We used Ti/Pt/Au (500Å/500Å/3000Å) as contact metals for both the top
and bottom ohmic contact metallization. Finally, to enable well defined Indium bumps, an under
bump metal (UBM) deposition was conducted using Ti/Ni/Au (300Å/1500Å/500Å). Indium
bumps with a thickness ~3 μm were thermally evaporated on the UBM metal pads.

Figure 4.3 SEM image showing part of a fully processed nBn FPA with deposited indium bumps.
Two-step etch process is illustrated.
The direct electrical connection of the FPA with the ROIC is known as flip-chip bonding. This
technique enables small packaging while maintaing high speed performance of the FPA,
eliminating the need for wire bonding and providing great flexibility of input / output connections
with hardy interconnections from an adhesive underfill processing. Taller indium bumps should
be fabricated during the indium deposition process to compensate for possible unparallelism
between the FPA and ROIC. The space not filled with Indium between the ROIC and FPA should
be filled with a nonconductive adhesive material to increase chip strength and long term
reliability. The underfill epoxy can protect the indium bump from humidity, vibration and
chemical contamination providing additional mechanical bonding strength in the hybrid FPA. In
addition, the thermal expansion difference between the FPA and the ROIC can be compensated
through underfill epoxy especially for low temperature working conditions.
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Figure 4.4 After the reflow process of the FPA. The higher indium bump height makes an easy
interconnection between the nBn device and the ROIC.

4.3 Performance of the nBn FPA
Spectral response measurements of the single pixel detector were performed using a
Fourier transform IR spectrometer (FTIR) and a Keithley 428 preamplifier. The single pixel
detector is located at the edge of the FPA die as shown in figure 4.5 (a). Measurements were
undertaken with an applied bias of - 0.7V at different temperatures (negative bias means negative
voltage applied to the top contact of detector). The zero-response cut-off wavelength for all tested
detectors was equal to ~ 4.3 μm at 77 K as shown in figure 4.5 (b). Average dark current density
of the FPA was as low as 1 x 10-7 A/cm2 at 77K (Vb=0.7V) as shown in figure 4.6. This value is
comparable with reports on state-of-the-art MWIR detectors based on a conventional photodiode
design utilizing a passivation scheme.47,48
To reduce free carrier absorption in the substrate and to minimize the thermal stress
between the FPA and the ROIC under low temperature and cooling conditions, the backside of
the FPAs were thinned by a combination of mechanical polishing and wet chemical etching.
Hybridization and characterization of the FPAs were undertaken at QmagiQ, LLC. A hybrid FPA
was tested on a CamIRa infrared FPA evaluation system made by SE-IR Corp. with a Ge window
for the imaging performance tests. For the tests, the background was a 300K scene under f/4
illumination. The applied bias was equal to 0.7 V and is defined as a positive voltage applied to
the bottom contact of the FPA.
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Figure 4.5 (a) Single pixel device at the edge of the nBn FPA die that was used to measure
spectral response. (b) Spectral response of the nBn FPA as measured by the single pixel device.
The peak responsivity shown in figure 4.7 was equal to approximately 1.62 A/W under
actual operating conditions (integration time = 16.35 ms, detector bias = 0.7 V, focal plane
temperature = 77K, F/4 cold shield).
The data displayed here is restricted to the subset of the “healthy” pixel population using
the spectral response of a single pixel measurement. Also under the same condition, the measured
peak detectivity shown in figure 4.8 was equal to ~ 6.1 x1011 Jones. The peak quantum efficiency
shown in figure 4.9 was equal ~ 57.4%. Since there are a minimum two passes through the active
device region leading to a high quantum efficiency as compared to the single pixel device.
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Figure 4.6 Dark current density vs temperature as measured by Qmagiq. The values extrapolated
back to an operating temperature of 77 K are on the order of 1 pA and 10-7 A/cm2, respectively.
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Figure 4.7 The measured peak responsivity for the “healthy” pixel population using the spectral
response of a single pixel measurement.
The NETD was measured by acquiring a sequence of 25 image scans with the focal plane
exposed to a uniform blackbody target at 30°C and extracting the temporal noise for each pixel. A
histogram of the NETD distribution is shown in figure 4.10 for an integration time of 16.3 ms.
Good spatial uniformity is obtained over the array, resulting in a mean NETD value of 23.8 mK
with a standard deviation of 10 mK at a FPA temperature of 77K.
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Figure 4.8 Detectivity measurement for the “healthy” pixel population in the FPA
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Figure 4.9 The peak quantum efficiency with ~58%, because the double path illumination from
the ohmic metal deposition leads to a higher quantum efficiency.

Pixel operability was equal to 79% with predominantly single pixel faults instead of large clusters
of bad pixels. Pixel outages probably originated from a weak connection between the ROIC and
FPA since the thickness of the indium bumps are only 3 μm and no reflow process was utilized.
Temperatures of 20°C and 40°C were utilized as the low and high temperatures for the non-
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uniformity correction (NUC) algorithm. A thermal image taken with 320x256 MWIR FPA
camera based on InAs/GaSb SLs at a detector temperature of 77 K and an integration time of 16.3
ms is shown in figure 4.12. The bright areas of the image represent warmer regions whereas the
dark areas exhibit colder regions. In the figure, the facial imprint of the cold hand is clearly
visible demonstrating the good quality of this FPA as a thermal imager.
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Figure 4.10 Histogram of the noise equivalent temperature difference (NETD) distribution in the
FPA for an integration time of 16.3 ms with f/4 optics.

Figure 4.11 (a) External quantum efficiency and (b) peak detectivity at Vb=0.7 V for the 320 x
256 FPA.
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Figure 4.12 Thermal image taken with 320 x 256 InAs/GaSb SLS nBn camera at a detector
temperature of 77 K.49

4.4 Conclusion
We have demonstrated a 320 x 256 FPA based on type II InAs/GaSb SLS with a nBn
detector design. The average value of dark current density (1 x 10-7 A/cm2 at 77 K Vb = 0.7 V) is
comparable to that reported for state-of-the-art MWIR SLS photodiodes utilizing some
passivation schemes. At 77 K, the FPA reveals a cutoff wavelength of 4.2 μm and NETD of 23.8
mK for a 16.3 ms integration time. The peak responsivity and detectivity of the FPA were
estimated, respectively, to be 1.6 A/W and 6.7 x 1011 Jones, at 3.8 μm and 77K.63
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Chapter 5
Surface passivation of MWIR and LWIR
InAs/GaSb SLS PIN photodiode
5.1 Introduction
Photodetectors composed of antimonide based III-V semiconductors such as InAs/GaSb
type-II superlattices have offered promising results in the mid-wave infrared (MWIR) and longwave infrared (LWIR) spectral region. Currently, mercury cadmium telluride (MCT) detectors
are used at these wavelengths for civilian and military applications. However, MCT detectors
have difficulties in material growth uniformity and composition over large areas. Also, a small
electron effective mass (~0.009 mo) leads to the large dark current because of tunneling.
Moreover, device handling during device fabrication is very difficult because of weak
mechanical strength. These properties of the MCT material system limit device performance and
device yields. On the contrary, the basic material properties of InAs/GaSb type-II strained layer
superlatice (SLS) provides a prospective benefit in the realization of high performance IR
photodiodes due to a higher electron effective mass (~ 0.04m0)50, spatially uniform growth, and a
reduced Auger recombination rate as compared with MCT material with the same band gap. A
large component of dark current in SLS based detectors with the conventional PIN design arise
from surface leakage current associated with abrupt termination of the semiconductor crystal
during the mesa definition process. The etched sidewalls of a device form unsatisfied chemical
bonds (dangling bonds) creating trap centers within the band gap region due to the formation of
native oxides such as Ga2O3 and Sb2O3, and free Ga and Sb ions at the air/device interface. These
oxides and free ions will increase the surface recombination velocity causing a large surface
leakage current that degrades the device performance. Therefore, additional passivation processes
are required following the mesa definition process to eliminate dangling bonds and oxides as
much as possible.
Several passivation methods have been proposed such as chalcogenide treatment
(modification of surface by sulphur atoms)51, overgrowth with a large bandgap material52, and
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encapsulation of device sidewalls with silicon dioxide53 or a polyimide layer54. Sulfur passivation
involves the replacement of oxygen by sulfur, resulting in the formation of an ordered layer of
sulfur atoms on the surface. However, temporal instability of such a passivation layer has been
reported55. Passivation with large bandgap materials has been reported but the FPA fabrication
process is significantly complicated by this approach. Encapsulation with silicon dioxide results
in increased surface resistance by an order of magnitude. However, SiO2 film deposition utilizes a
plasma enhanced chemical vapor deposition (PECVD) process conducted at high temperatures.
Exposure of SLS material to high temperatures may degrade the overall device performance.
These techniques are useful in reducing dark currents and improving device
performance; however, they either create difficulty in the fabrication process of detectors and
FPAs or adjust the cut-off wavelength of the device. In this chapter we introduce a new
passivant, SU-8, which works equally wellfor MWIR and LWIR SLS detectors.
5.1.1 Origin of surface states in semiconductor
Surface states are the electronic states which are found at atomic layers closest to the
surface of a material. Due to the abrupt termination of a continuous wave function at the etched
surface of a semiconductor, the band structure of a surface is different from the one of the bulk
material. Therefore, a new electronic wave function is formed which is caused by surface states.
Shockley 56 studied “the wavefunction and energy levels associated with a finite one
dimensional potential field”. He described the surface as a termination of a symmetric periodic
potential and the surface energy level correlated to the inter-atomic distance. The interaction
between neighboring atoms forces the degenerated energy level to split into discrete levels so that
the lowest level of the upper band comes close to the upper level of the lower band. If the lattice
constant is small enough for two levels (called Shockley states), they pair off in the forbidden
band, however, spatially these levels are localized at the semiconductor surface. The Shockley
states are believed to be associated with the unsaturated or dangling bonds of the surface atoms.
Surface states arising from terminated well-ordered surfaces without defects are assigned as
intrinsic states whereas surface states due to structural imperfections, impurities or oxide layers
are called extrinsic states.
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Figure 5.1 Rates of oxygen absorption on III-V semiconductor surfaces.57
A high density of surface states in the forbidden energy band-gap region can cause
pinning of the surface Fermi level near the midgap and, as a consequence, lead to a high rate of
surface radiationless recombination. Moreover, surface states can trap minority and majority
carriers thus considerably degrading device performance.
5.1.2 Formation of native oxide layers on InAs and GaSb
The adsorption of oxygen on a clean III-V material can lead to a drastic change in the
nature of the surface states. Therefore, the oxidation chemistry is important because of its
influence on the device performance. Figure 5.1 shows the oxidation rates of III-V
semiconductors at room temperature. Oxidation of III-antimonides (InSb, GaSb and AlSb) is
much faster than other III-V materials. The composition and thickness of the oxide layer can be
decided by the rates of diffusion, dissolution, reaction, and evaporation.
Fabrication of InAs/GaSb SLS based detectors involves definition of the physical
dimensions of the device, which results in the exposure of its sidewalls formed by InAs, GaSb
and, in part, InSb and GaAs layers. Since thickness of InSb and GaAs layers in SLS is commonly
assumed to be less than a monolayer (ML)58, and the thicknesses of InAs and GaSb layers are on
the order of tenths of MLs, the formation of native oxides on GaSb and InAs is detrimental to
SLS detector performance.
Research on the kinetics of chemical reactions between oxygen and GaSb shows that a
two step process takes place:
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2GaSb +3O2 -> Ga2O3 + Sb2O3,
2GaSb + Sb2O3 -> Ga2O3 + 4Sb.
Similar chemical reaction will happen with InAs surfaces, leading to thin In2O3, free As and Sb
on the device side surface. Thus, thermodynamic analysis predicts the formation of elemental Sb
and As at oxide-GaSb and oxide-InAs interfaces, respectively. Experimentally the elemental Sb
has been detected at the interface. Its semi-metalic nature can result in the conduction channel
parallel to the interface, which leads to increasing of the surface component of dark current and
degrading device performance.
To get a clean surface free of damage, native oxide, and contamination, cleaving or
annealing of the device in high vacuum are preferred. However during device fabrication process
contact of the exposed semiconductor surface with the atmosphere is difficult to avoid. Therefore,
the chemical wet etching process is commonly chosen as a practical step for surface preparation
before device passivation.
5.1.3 Required properties of a passivation material
Passivation is the process of using a resistant material such as silicon dioxide or silicon
nitride to treat or coat a surface in order to prevent the deterioration of electronic properties by
oxidation, ions, or other external contaminants. Therefore, the passivation material needs the
following properties.
-Mechanical properties: robust enough to endure harsh environments from subsequent
processing steps.
-Electrical properties: capable of preventing the formation of surface states in the
forbidden band gap
-Chemical properties: hinder reactions between III-V materials and oxygen, other
conductive ions and impurities.

5.2 Performance improvement of MWIR InAs/GaSb SLS detectors by
reducing surface leakage currents with SU-8 passivation
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5.2.1 Passivation in InAs/GaSb SLS structure
Passivation of InAs/GaSb SLS detectors prevents the formation of native oxides on the
etched detector sidewalls and reduces the surface leakage currents generated on the sidewalls of
the devices due to the abrupt termination of the crystal structure, dangling bonds, inversion layer
and interfacial traps at the device/air interface. Moreover, chemical and electrical stability of the
passivation material during device fabrication is required. Passivation of FPAs is a challenge
since the device performance of small area diodes (typical pixel dimensions in FPAs 24 μm x 24
μm) are more susceptible to surface effects than larger size device with the same geometry due to
a large perimeter-to-area ratio (P/A). To overcome this problem, stable and wavelength
independent passivation schemes need to be developed.
5.2.2 The Properties of SU-8 negative tone photoresists
SU-8 is a high contrast negative photoresist widely used for micromachining 59 and
optoelectronic applications60 for the realization of high aspect ratio structures. SU-8 contains a
photoacid generator and bisphenol A novolac epoxy resin as the curing agent. 61 Upon UV
exposure, a strong acid (H+SbF6) is generated which causes the epoxy resin to form a solid
structure with a high cross-linking density. Thus, the photo-polymerized resist shows outstanding
chemical and physical robustness. SU-8 can be spin-coated on a wide range of substrates that give
rise to film thicknesses in the range of 0.2-100μm. Also, it can be easily integrated into the
detector fabrication process. As a result, it is hypothesized that SU-8 is a good candidate for
passivation of InAs/GaSb SLS detectors.

Figure 5.2 SU-8 monomer representing eight epoxide functionality per molecule.62
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Figure 5.3 Structure of cross linked SU – 8.62

However, no application of SU-8 for InAs/GaSb passivation has been reported so far. In
this work, we use SU-8 as a passivation material, which is intended to improve the performance
of InAs/GaSb SLS detectors and FPAs in the MWIR spectral region.
The whole process of SU-8 passivation consists of a substrate pretreatment, spin coating,
soft bake, exposure, post-exposure bake, development, and hard bake. After cleaning the sample
it is dehydrated at 120°C for 1 minute to remove moisture and to provide better photoresist
adhesion. Then, the wafer is primed with hexamethyldisilazane (HMDS) which is used to
promote adhesion of the PR. HMDS is applied directly to the device by dispensing a fixed
volume and spinning the wafer at a speed of 3000 RPMs to spread out the liquid to form a very
thin uniform coating. It is then baked at 150 ºC for 30 seconds. After HMDS is applied, the
device is spin coated with SU-8 at 3000 RPMs for 30 seconds and then baked at 65℃ for 1
minute and 95℃ for 2 minutes because SU-8 needs a two step soft-bake to produce good surface
quality and adhesion without wrinkles in the film.
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Figure 5.4 Passivation of an SLS detector with SU-8. During the spin coating of SU-8, a build up
of SU-8 can occur at the edge of the sample. After removing an edge bead, the photomask must
be applied to the mask aligner with the sample.

5.2.3 MWIR SLS device growth

For the passivation study presented here we used InAs/GaSb SLS photovoltaic
detectors with the PIN design grown on Te-doped epiready (100) GaSb substrate by solid
source molecular beam epitaxy (MBE) VG-80 system equipped with SUMO ® cells for
gallium and indium, and cracker cells for arsenic and antimony. This photodiode is based
on a PIN design consising of 75 periods of 8 monolayers (MLs) InAs: Si (n = 4 x 1018
cm-3) / 8MLs GaSb for the bottom contact layer, followed by 30 periods of 8 MLs InAs:
Si (n = 1 x 1018 cm-3) / 8MLs GaSb. Then 260 periods of a non-intentionally doped
(n.i.d.) absorber layer were grown followed by 30 periods of 8 MLs InAs: Be (p = 1 x
1018 cm-3) / 8MLs GaSb. The structure was terminated by 20 periods of 8 MLs InAs: Be
(p = 4 x 1018 cm-3) / 8MLs which formed a p-type top contact layer. 10 periods of the SLS
structure with graded doping layers were added between the absorber and the contact layer. The
full width at half maximum (FWHM) of the 1st satellite peak of the SLS is equal to 36 arcsec
which indicates good crystalline quality of the grown structure. The overall periodicity of the
diode structure was measured to be 49.2 Å according to the fringe spacing of the superlattice
peaks, which is in good agreement with the designed value (48.6 Å).
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Figure 5.5 The heterostructure schematic (a) and grown sample XRD (b) for the MWIR SLS
PIN detector.

5.2.4 Device fabrication
Normal incidence single pixel photodiodes with 410 x 410 μm2 mesas having aperture
diameters ranging from 25-300 μm were fabricated along with a variable area diode array
(VADA) consisting of diodes with mesa areas ranging from 30 x 30 μm2 to 400 x 400 μm2.
Processing was initiated by mesa etching which was performed using an inductively coupled
plasma (ICP) reactor with BCl3 gas. The resulting etch depth was ~ 2 μm which corresponds to
the middle of the bottom contact layer of the detector. Then, an ohmic contact was defined by
evaporating Ti (500 Å) / Pt (500 Å) /Au (3000 Å) on the bottom and top contact layers of the
detectors. After contact metallization, the fabricated devices were wire bonded to a leadless chip
carrier for further characterization. The rest of the fabricated devices were dipped in a phosphoric
acid based solution (H3PO4:H2O2:H2O = 1:2:20) to remove the native oxide film on the etched
mesa sidewalls, then covered with SU-8 (~1.5 μm thickness) to act as the passivation layer. The
top view of fully processed MWIR SLS detector with applied SU-8 passivation is show in figure
5.6.
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Figure 5.6 The top view of MWIR SLS device. The mesa side wall is covered by SU-8.
FPAs were fabricated utilizing a similar processing scheme. Each processed FPA die
consists of 320 x 256 pixels with a 30 μm pitch. Four additional test pixels with areas of 24 μm x
24 μm are located at the boundary of the 320x256 FPA which are used for dark current, spectral
response, and noise measurements. Sidewalls of etched mesas were covered with SU-8 for
passivation purposes. Finally, to enable well defined indium bumps, an under bump metal (UBM)
deposition was conducted using Ti (300Å)/Ni (1500Å)/Au (500Å). Indium metal with a thickness
of ~2.3 μm was thermally evaporated on the UBM metal pads. The indium reflow process was
conducted at a temperature of ~ 200 °C to obtain spherical indium bumps with a height of ~ 10
μm. Finally, the FPAs were hybridized to ISC 9705 read-out integrated circuits (ROICs) made by
Indigo. Finally, to minimize thermal stress under low temperature and to reduce free carrier
absorption from the GaSb substrate, the substrate was thinned using chemi-mechanical polishing.
5.2.5 Device performance
Spectral response measurements of single pixel detectors were performed using a Fourier
transform IR spectrometer (FTIR) and a Keithley 428 preamplifier. Figure 5.7 shows the spectral
response of the unpassivated single pixel detector (with an aperture of 300 μm), the SU-8
passivated single pixel detector with the same aperture, and the passivated FPA test diode at 77K.
It should be noted the single pixel devices were tested under front side illumination and the FPA
diode was tested under back side illumination. The zero-response cut-off wavelength for all tested
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detectors was equal to ~ 4.6 μm. The high frequency spectral response modulation of the FPA
test pixel is attributed to multiple interferences originating from Fabry-Perot interfernce patterns
caused by the residual thickness of the unpolished substrate. The thickness of the residual
substrate can be calculated from these oscillation peaks:

d = m ⋅ c / 2n ⋅ Δν

(5.1)

where d is the residual substrate thickness; m is number of fringes; Δν is frequency difference; n
is the refractive index of GaSb. The thickness d of residual GaSb substrate was evaluated to ~ 36
μm assuming the refractive index of GaSb equal to 3.8.

40

Spectral response (a.u.)

35

Single pixel diode
SU-8 passivated

T = 77K
Vb= -0.3V

30
25
20

FPA test diode
SU-8 passivated

15
10

Single pixel diode
unpassivated

5
0
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Wavelength (μm)

Figure 5.7 Spectral response of unpassivated and SU-8 passivated single pixel diodes along with
SU-8 passivated FPA test diodes measured at 77K. From the Fabry Perot oscillations in the FPA
diode, the residual GaSb thickness was found to be ~ 36 μm.

Figure 5.8 shows the bias dependent dark current densities for the unpassivated and
passivated single pixel detectors as well as the passivated FPA test diode measured at 77 K. The
single-pixel passivated detector demonstrated a reduction of four orders of magnitude in dark
current density compared with the unpassivated one (from ~ 8 x 10-3 A/cm2 to ~ 5 x 10-7 A/cm2 ) at
the same value of applied bias (Vb = -0.3 V). The dark current density of the passivated FPA test
diode was equal to ~ 3 x 10-6 A/cm2, which is approximately a factor of 7 times higher than the dark
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current density measured on the passivated single pixel detector under the same value of applied
bias (~ 5 x 10-7 A/cm2). We attribute this degradation to the additional steps in FPA fabrication,
particularly, the indium reflow process, hybridization, epoxy underfill process and mechanical
thinning of the substrate, which induces much stress in the FPA. However, the demonstrated level
of FPA dark current is sufficient for FPA imaging63 and demonstrates that SU-8 is a promising
material for FPA passivation.
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Figure 5.8 Dark current density vs applied bias of the unpassivated and the SU-8 passivated single
pixel diodes along with the SU-8 passivated FPA test diode measured at 77K.

To illustrate the relationship between the temperature and dark current, the dark current
density at -0.3V is plotted as a function of inverse temperature in figure 5.9. The unpassivated
device shows a higher surface leakage current density than the passivated device at low
temperatures. On the contrary, both SU-8 passivated devices follow an Arrehenius type behavior at
high temperatures, indicating that the dominant dark current mechanism is bulk limited diffusion.
The calculated activation energy of the FPA test pixel is equal to 0.245eV which is close to the
expected value of the device bandgap. The inset of figure 5.9 shows a 410 x 410 μm2 mesa covered
with SU-8 (~1.5 μm thick). During the photolithography of SU-8, the over developing can lead to
the etch away of SU-8 on the device coners. Therefore, optimized developing conditions are very
important for this negative photoresist.
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Figure 5.9 Temperature dependent dark current density for the unpassivated and the SU-8
passivated single pixel diodes along with the SU-8 passivated FPA test diode measured at 77K. The
inset shows the detector mesa sidewall encapsulated by SU-8 with a thickness of approximately
~1.5 μm.

The effectiveness of SU-8 passivation was evaluated using the VADA technique64. The
inverse of the dynamic resistance – area product at zero bias R0A as a function of the perimeter to
area ratio at 87K for passivated diodes is shown in figure 5.10. The surface dependence of R0A
can be approximated as

⎡⎛ 1 ⎞
1
1
P⎤
⎟⎟
+
⋅ ⎥
= ⎢⎜⎜
R0 A ⎣⎢⎝ R0 A ⎠ bulk rsurface A ⎦⎥

(5.2)

where (R0A)bulk is the bulk R0A contribution (Ωcm2), rsurface is the surface resistivity (Ωcm), P is
the diode’s perimeter and A is the diode’s area. The slope of the function given by equation (5.2)
is directly proportional to the surface-dependent leakage current of the diode. We found values of
rsurface equal to ~1.9 x 102 Ωcm and ~1.0 x 103 Ωcm, respectively, for the unpassivated and the
SU-8 passivated single pixel device, leading to a five fold increase in the surface resistivity at
87K.
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Figure 5.10 The dependence of the dynamic resistance-area product at zero bias vs. perimeter to
area ratio for variable area diodes passivated by SU-8 at 87 K.
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Figure 5.11 (a) Responsivity and (b) Detectivity of the SU-8 passivated single pixel and the test
FPA diode (at 77 K).
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The responsivity of both the single pixel detector and the FPA test diode passivated with SU-8
were measured using a calibrated blackbody source at 800K, SR 770 FFT Network signal
analyzer, 800 Hz optical chopper, and Keithly 428 preamplifier under f/2 illumination. The zero
bias responsivity at 4μm was equal to 0.9 A/W and 1.3A/W for the passivated single pixel diode
and FPA test diode, respectively, as shown in figure 5.11(a). We attribute the larger responsivity
due to the double path configuration of the FPA. The peak D*, shown in figure 5.11(b), was equal
to ~3.5x1012 Jones for the passivated single pixel detector and ~3.45x1012 Jones for the FPA test
diode at 4.0 μm and 77K under zero bias.77

5.3 Reduction of surface leakage currents in InAs/GaSb SLS long
wavelength detectors using SU-8 passivation

5.3.1 Passivation of LWIR InAs/GaSb SLS structures
Photodetectors composed of InAs/GaSb type-II SLS operating in the long-wave infrared
(LWIR, 8-12 μm) spectral region have shown promising results and could be potentially useful
for a wide variety of applications such as meteorology, astronomy, missile detection and tracking,
and satellite based surveillance. Available technologies in the current market at this wavelength
range are based on interband Mercury-Cadmium-Telluride (MCT) and intersubband quantum
well infrared (QWIP) detectors. Although, MCT devices have large quantum efficiencies, they
are sensitive to small changes in the alloy composition ratio during the epitaxial process, making
spatial non-uniformity a challenging problem for large format focal plane arrays (FPAs).
Moreover, MCT detectors are characterized by a low electron effective mass (~0.009 mo)
resulting in large dark currents due to tunneling especially at longer wavelengths65. QWIPs, on
the other hand, are based on III-V semiconductors which have mature manufacturing process that
enables them to be scaled to large format FPAs with a high degree of spatial uniformity. However,
they have large dark currents and low quantum efficiencies compared to interband devices. On
the contrary, the basic material properties of InAs/GaSb type-II SLS have good potential in the
realization of high performance IR photodetectors with cut-off wavelengths in the LWIR range.
Auger recombination rates are strongly suppressed in SLS material relative to bulk MCT66,67

88

leading to improved temperature limits of spectral directivities compared with MCT detectors68.
In addition, the larger effective mass of the SLS leads to a reduction of tunneling currents
compared with MCT detectors of similar bandgaps. Good spatial uniformity over large areas and
commercial availability of high quality crystalline GaSb substrates are other technological
advantages of the InAs/GaSb SLS technology.
Recently, high quality LWIR InAs/GaSb SLS detectors grown by molecular beam
epitaxy (MBE) have demonstrated remarkable progress.69,70 However, relatively high levels of
noise due to generation-recombination (G-R) and trap assisted tunneling (TAT) processes in the
depletion region of the detector as well as leakage through surface states still limits overall device
performance. Various photodiode designs such as the M-structure 71 , W-structure 72 , graded
bandgap 73 , and p-π-M-n design 74 utilize the possibility of independent adjustment of the
conduction and valence band positions provided by the type-II band alignment and significantly
reduce dark current of photodetectors.
The recently proposed nBn concept28, which was implemented with type-II SLS

29

and
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its counterparts , further reduces the dark current level due to elimination of the depletion region
in the detector heterostructure. In addition, buried device structures utilized in nBn SLS devices
effectively precludes surface currents but are limited by the lateral diffusion length, which can be
very large. 76 However, the majority of present-day SLS detectors are still based on the
conventional PIN design that requires definition of device dimensions through exposure of its
sidewalls. Optimum surface passivation hence becomes an absolute necessity to saturate the
surface states and provide a stable, insulating coating on the exposed device surface.
Recently, SU-8 based passivation has been reported for MWIR SLS devices,77 showing a
reduction in dark current by three orders of magnitude for an FPA test pixel as compared to a
non-passivated diode. In this letter, we report on the passivation effect of SU-8 PR for LWIR
InAs/GaSb SLS photodetectors.

5.3.2 Device structure
The devices used for this passivation study were InAs/GaSb SLS detectors with the PIN
design grown on Te-doped epiready (100) GaSb substrates. The detector heterostructure
schematic is shown in the inset of figure 5.12. The bottom contact layer was formed by 125
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periods of 8 monolayers (MLs) InAs: Te (n = 4 x 1018 cm-3) / 8 MLs GaSb SLS. This was
followed by 50 periods of 8 MLs InAs: Te (n = 1 x 1018 cm-3) / 8 MLs GaSb SLS grown with
InSb interfaces with a gradually reduced doping concentration. Then 320 periods of a nonintentionally doped (n.i.d.) absorber layer were grown, formed by 14 MLs InAs / 7 MLs GaSb
SLS with InSb interfaces, followed by 25 periods of 14 MLs InAs: Be (p = 1 x 1018 cm-3) / 7 MLs
GaSb SLS. Next, 25 periods of 14 MLs InAs / 7 MLs GaSb:Be SLS with a gradually increased
doping concentration were grown. The structure was terminated by a 100 nm thick GaSb:Be
layer (p = 4 x 1018 cm-3) to form a p-type top contact layer. The X-ray diffraction (XRD)
spectrum in figure 5.12 shows the overall periodicity of the structure, equal to 67.6 Å. The full
width at half maximum (FWHM) of the 1st satellite superlattice peak is approximately 43.2
arcsec.

Figure 5.12 High resolution X-ray diffraction spectrum of InAs/GaSb SLS PIN photodetector
structure. The inset shows the heterostructure schematic of the PIN SLS detector. The LWIR and
MWIR SLS corresponds to 13 ML InAs / 7 ML GaSb SLS and 8 ML InAs / 8 ML GaSb SLS,
respectively.
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5.3.3 Device fabrication and performance measurements
Device fabrication was initiated by standard optical photolithograpy to define 410 μm x
410 μm square mesa devices with apertures ranging from 25-300 μm and a variable area diode
array (VADA) pattern with areas ranging from 30 μm x 30 μm to 400 μm x 400 μm. Etching was
performed using an inductively coupled plasma (ICP) reactor with BCl3 gas. The resulting etch
depth was ~3μm which corresponds to the middle of the bottom contact layer of the detector.
Next, ohmic contacts were evaporated on the bottom and top contact layers using Ti (500 Å) / Pt
(500 Å) /Au (3000 Å) in both cases. After contact metallization, some of the fabricated devices
were wire bonded to leadless chip carriers for further characterization. The rest of the fabricated
devices was covered with SU-8 2002 after a short (40 seconds) dip in a phosphoric acid based
solution (H3PO4:H2O2:H2O = 1:2:20) in order to remove the native oxide film formed on the
etched mesa sidewalls. The resulting thickness of the SU-8 passivation film was ~ 1.5 μm. Finally,
the SU-8passivated devices were mounted on the leadless chip carriers for their performance
evaluation.

Figure 5.13 Spectral response of the SU-8 passivated photodiode at 30, 50, and 77K (Vb=-0.04).
The zero-response cut-off wavelength was equal to ~12μm at 77K.

Figure 5.13 shows the temperature dependent spectral response of the passivated SLS
detector with a mesa size of 410 μm x 410 μm under a negative bias (Vb = -0.04V) obtained with
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a Fourier transform IR spectrometer (FTIR) with a glow-bar black body source. The zeroresponse cut-off wavelength (λ100%) was equal to ~12μm at 77K. Figure 5.14 (a) shows the dark
current densities against applied bias as measured by a HP 4145B semiconductor parameter
analyzer for the unpassivated and passivated devices at 77K with mesa sizes of 400 μm x 400 μm.
The SU-8 passivated device showed a five fold reduction in the dark current density as compared
to the unpassivated device (from 0.227 A/cm2 to 0.045 A/cm2, respectively ) under the same bias
(Vb= -0.04). Due to the fact that the smaller-area diode’s performance is more dependent on
surface effects (i.e. surface leakage currents), and less dependent on bulk effects than a largerarea diode, the passivation effect is thus expected to be more prominent for small area diodes.

Figure 5.14 Dark current density vs applied bias characteristics for the unpassivated and the SU-8
passivated photodiode for (a) large area (400 μm x 410 μm) and (b) small area (50μm x 50 μm)
devices measured at 77 K.
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Figure 5.14 (b) represents the dark current densities measured for the 50 μm x 50 μm
square mesa device. Dark current density for the passivated device was reduced by a factor of six
as compared with the unpassivated device at -0.04 V of applied bias (from 0.389 to 0.064A/cm2).
Therefore, SU-8 passivation should be an effective passivation scheme for FPA pixels with
typical dimensions of ~ 24 μm x 24 μm.
Figure 5.15 shows a plot of dark current densities versus the perimeter to area ratio for
unpassivated and passivated devices. The small sized diode (lateral size of mesa is 50 μm,
P/A=800 cm-1) showed a 30-fold reduction in the dark current density at a low value of applied
bias (Vb = -0.1). A considerable degree of non-uniformity of dark current densities for the
unpassivated devices was observed and the uniformity was improved after SU-8 passivation. The
surface dependence of the inverse of the dynamic resistance – area product at zero bias (R0A) can
be approximated as

1 / R0 A = [(1 / R0 A) bulk + (1 / rsurface ) ⋅ ( P / A)]

(5.3)

where (R0A)bulk is the bulk R0A contribution (Ωcm2), rsurface is the surface resistivity
(Ωcm), P is the diode’s perimeter and A is the diode’s area. For the diode of infinite size (P/A =
0) R0A as given by equation (5.3) yields the bulk R0A value of the material, independent of
surface effects.
The slope of the function given by equation (5.3) is directly proportional to the surfacedependent leakage current of the diode. The extracted value of surface resistivity was equal to
204 Ωcm for the SU-8 passivated SLS detector. The value is an order of magnitude higher than
the value of surface resistivity obtained for SiO2 on SLS material with a similiar cut-off
wavelength but an order of magnitude lower than one obtained for ZnS passivation.78 But nonuniformity passivation was worse in ZnS.
The responsivity of the passivated device with an aperture of 200 μm was measured
under a 2π field of view (FOV) with a calibrated blackbody source at 800 °C. Under an applied
bias of -0.04 V and an operating temperature of 77K the responsivity was measured to be equal to
0.58 A/W at a wavelength of 10 μm. The corresponding value of specific detectivity was
evaluated using the following equation:

D* =

R
,
2qJ + 4kT ( Rd Ad )
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(5.4)

where R is reponsivity, kB is the Boltzman constant, T is temperature, Rd is dynamic resistance,
and Ad is diode area, q is the electronic charge, and J is the dark current density. The value of
specific detectivity at 77K, 10μm and Vb = -0.04 was equal to 3.49x109 Jones.

Figure 5.15 Dark current densities vs the perimeter-to-area ratio (P/A) for SU-8 passivated and
unpassivated devices. The small sized unpassivated device (50 μm x 50 μm, P/A=800) shows a
more profound dependence on the P/A ratio.

5. 5 Conclusion
In conclusion, we have demonstrated improved performance of MWIR (λ100% cut-off ~ 4.6
μm) and LWIR (λ100% cut-off ~ 12 μm at T = 77K) single pixel detectors and FPAs based on
InAs/GaSb SLS with the PIN design with SU-8 passivation.
Comparison of MWIR unpassivated and SU-8 passivated single pixel devices at 77K
showed four orders of magnitude reduction in dark current density (from ~ 8x10-3 A/cm2 to ~
5x10-7 A/cm2 ) at an applied bias (Vb = -0.3 V), and a five fold increase in surface resistivity
(from ~1.9 x 102 Ωcm to ~1.0 x103 Ωcm) at 87K. The FPA test pixel passivated with SU-8
passivation at 77K showed a reduction of dark current density of three orders of magnitude as
compared to a non-passivated diode (from 8x10-3 A/cm2 to 3.4 x 10-6 A/cm2) at Vb = -0.3 V. At
77K, the zero bias responsivity and detectivity are equal to 0.9 A/W and 3.5 x 1012 Jones for the
SU-8 passivated single pixel diode, 1.3A/W and 3.45 x 1012 Jones for the SU-8 passivated FPA

94

test diode. These improved performances prove that SU-8 is a good passivation material for
InAs/GaSb SLS MWIR FPAs.
The SU-8 passivated LWIR large area (410 μm x 410 μm) detector showed a five fold
reduction in dark current density (from 0.227 A/cm2 to 0.045 A/cm2) as compared with an
unpassivated device at 77K and -0.04V of applied bias. For the small sized device (50 μm x 50
μm), the reduction in dark current density at 77K was a factor of six lower (from 0.389 to
0.064A/cm2) at the same value of applied bias. The surface resistivity was measured to be 204
Ωcm. Also, the responsivity and specific detectivity were evaluated for the passivated device at a
small value of applied bias (Vb= -0.04) and determined to be 0.58 A/W and 3.49x109 Jones,
respectively (T = 77 K, 10μm).
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Chapter 6
Conclusion and future work
6.1 Conclusions
The main focus of this dissertation is the development of high performance InAs/GaSb
SLS detectors operating in MWIR and LWIR spectral regions suitable for the realization of 3rd
generation IR sensors. The InAs/GaSb SLS are characterized by a tunable bandgap, which is
adjusted within (3-30μm) range by changing the thickness of individual layers thus spanning the
whole IR region. A large electron effective mass (0.02-0.03 mo), as compared to the MCT
material system with a similar bandgap, provides lower tunneling currents. In addition, the light
hole and heavy hole separation suppresses Auger recombination with consequent increase of
carrier lifetime. Moreover, interminiband transitions in SLS stipulate normal incidence
absorption leading to high quantum efficiency and responsivity.
In chapter 3, the performance evaluation of type-II InAs/GaSb SLS detectors with the
nBn design for MWIR detection was discussed. We compared the electrical properties of an nBn
detector with different etching methods, in particular, a shallow etch scheme (to the top of the
barrier layer) and deep etch scheme (resembling the conventional etch scheme of a diode). The
dark current was improved by more than two orders of magnitude at 77 K under a bias of Vb = 0.1 V with the shallow etched diode as compared to the deep etched diode. Also, lateral diffusion
of minority carriers in the nBn based type II InAs/GaSb SLS detectors with different barrier
doping concentrations was discussed. The diffusion length with an aluminum mole fraction
composition of 49% has the shortest diffusion length (on the order of 80 μm to 100 μm depending
on the bias) at low temperatures (~ 77 K). N-type Ohmic contacts to low-doped type-II
InAs/GaSb SLS were discussed. Ge (282 Å)/Au (547 Å) /Ni (50 Å ) /Pt(470 Å) /Au(2001Å)
metallization on low-doped (3 x 1017cm-3) n-type InAs/GaSb SLS has demonstrated the lowest
specific contact resistance (1.6 x 10-5 Ωcm2) with annealing at a temperature of 380 °C in a pure
N2 atmosphere for 60 seconds.
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In chapter 4, a MWIR FPA based on type-II InAs/GaSb SLS detectors with the nBn
design was discussed. This 320 x 256 FPA was fabricated at the Center for High Technology
Materials (CHTM) at the University of New Mexico (UNM). Hybridization and characterization
of the FPA was performed in collaboration with QmagicQ LLC. The extracted dark current
density was 1 x 10-7 A/cm2 at 77 K and Vb = 0.7 V. At 77 K, the FPA revealed a cutoff
wavelength of 4.2 µm and a NETD of 23.8 mK for an integration time of 16.3 ms. The peak
responsivity and detectivity of the FPA (at a peak detection wavelength 3.8 μm) were estimated,
respectively, to be 1.6 A/W and 6.7 x 1011 Jones at 77 K.
In chapter 5, surface passivation of MWIR and LWIR InAs/GaSb SLS PIN photodiodes
was discussed. The origins of surface states were explained in semiconductors as well as the
formation of native oxide layers on surfaces of InAs and GaSb. Currently available passivation
techniques were then discussed followed by novel SU-8 passivation applied to MWIR and LWIR
SLS devices. The properties of SU-8, a negative tone photoresist, and application methods were
described. The dark current density of MWIR single pixel devices passivated with SU-8 was
reduced by four orders of magnitude at an applied bias (Vb = -0.3 V) and operating temperature of
77 K. A five fold increase in the surface resistivity at 87 K as compared with unpassivated
devices was also observed. The MWIR FPA test pixel passivated with SU-8 measured at an
operating temperature of 77 K showed a reduction in dark current density of three orders of
magnitude as compared to a non-passivated diode at a bias of Vb = -0.3 V. The zero bias
responsivity and detectivity are equal to 0.9 A/W and 3.5 x 1012 Jones for the SU-8 passivated
single diode, and 1.3A/W and 3.45 x 1012 Jones for the SU-8 passivated FPA test diode at 77 K.
The SU-8 passivated LWIR large area (410 μm x 410 μm) detector showed a five fold
reduction in dark current density as compared with an unpassivated device at 77 K and -0.04 V of
applied bias. For the small sized device (50 μm x 50 μm), the reduction in dark current density at
77K was a factor of six lower at the same value of applied bias. The surface resistivity was
measured to be 204 Ωcm. Also, the responsivity and specific detectivity were evaluated for the
passivated device at a small value of applied bias (Vb= -0.04) and determined to be 0.58 A/W and
3.49x109 Jones, respectively (T = 77 K, 10 μm).
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6. 2 Future work
InAs/GaSb SLS IR detectors show promising device performance for the development of
third generation IR sensors. Despite the last ten years achievement in the physical study of this
material system and improvement of device processing techniques, there are still many
unsolved problems that require further research of this material system.
The final objective of this research is to fabricate a type-II InAs/GaSb SLS FPA
operating at ambient or near-ambient temperatures, hybridize it to a read out integrated circuit
(ROIC) and perform field tests on it.
6.2.1 Development of passivation technology for InAs/GaSb SLS LWIR material by
combining SU-8 and chemical wet etching
Presently most SLS detectors are based on a PIN photodiode design. In this case, the
optically active area of the photodiode is defined by an etched mesa. During the mesa isolation
process, the periodic nature of the idealized crystal structure ends abruptly at the lateral surface of
the mesa. The disturbance of the periodic potential function due to a broken crystal lattice leads to
allowed electronic quantum states within the energy band gap resulting in large surface leakage
currents. The suppression of these currents is the most demanding challenge for present day SLS
technology, especially for LWIR and VLWIR spectral regions, since the dimensions of SLS
pixels have to be scaled to ~ 20 μm in FPAs. The contribution of surface leakage current
compared to the total dark current increases as devices are scaled down. Therefore, a good
passivation technique becomes very important in FPA processing.
In order to overcome the limitation imposed by surface leakage currents, a stable surface
passivation layer is needed. So far, various approaches have been proposed such as the deposition
of a polyimide layer, overgrowth of a wide band gap material, electrochemical passivation with
sulphur, and deposition of a SiO2 dielectric film. However, these passivation methods either
distort the cut-off wavelength of the device or complicate the fabrication process of FPAs. The
polyimide (PI) surface passivation can physically protect and passivate the underlying device
from a hostile environment, while possibly improving electrical performance of the device. Hood
et al. chose PI-2555 polyimide (HD Microsystems) to work as protective insulating layer. During
the processing, PI was spun directly on the wire bonded sample. The curing temperature was 180
°C for 45 min. Table 6.1 presents the R0A and surface resistivity values obtained after PI
passivation. These values are close to the bulk-limited R0A values of LWIR SLS photodiodes.
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Table 6.1 Summary of surface resistivities and R0A values for SLS devices with various
passivation schemes as presented by other research groups
Passivation
Method

Surface

Cut off
Wavelength,

resistivity

λc(μm)

(Ωcm)

Epitaxial over growth

~10

SiO2 for homojuction

~10
~10

R0A

Reference

2

(Ωcm )
10

79

3.6

0.047

80

47000

16

>10000

8.7

3.6x103

13

SiO2 for
double hetero structure
Polyimide for

53, 54

homojuction
Polyimide for double

~11

hetero structure
We developed a new passivation technique based on SU-8 encapsulation. Device
passivation by SU-8 encapsulation shows promising results along with a pretreatment using
H3PO4 for MWIR and LWIR SLS detectors but further research is needed to understand the
passivation mechanism and optimize passivation conditions.
Proposed work regarding SU-8 encapsulation and chemical pretreatment:
1) Chemical pretreatment with citric acid (C6H8O7), sodium hypochlorite (NaClO), ammonium
sulfide (NH4)2S, and/or sodium sulfide (Na2S)
2) Test effectiveness and long-term stability of SU-8 passivation (performance test of single-pixel
MWIR and LWIR device)
3) Integrate the SU-8 passivation in SLS LWIR FPA fabrication process
6.2.2 Development of GaSb substrate removal technique
After hybridization with indium bumps and underfill epoxy, substrate removal is a
standard processing step performed with abrasive polishing, dry etching, or wet chemical etching.
Substrate removal is beneficial for operation of hybridized FPA chips firstly, because it
reduces thermal stress developed between the FPA and ROIC from multiple thermocycles due to
cooling. Secondly, completely removing the substrate eliminates optical cross talk between
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neighboring pixels of the FPA. Finally, according to Rhiger et al.81 GaSb substrates absorb ~50%
of infrared light at 77 K, causing up to 50% reduction in quantum efficiency for the FPA.
Therefore, substrate removal enables SLS FPA devices to have enhanced optical quantum
efficiency by reducing substrate absorption during operation with back side illumination.
Presently, we use mechanical polishing with different lapping film grades for substrate
removal. Figure 6.1 (a) illustrates the polishing rate for different lapping films and Figure 6.1 (b)
shows polished samples. The backside of samples was finished to mirror-like conditions by using
lapping films with a 0.3 μm grade. But they still need better surface treatment because
mechanical polishing can leave behind micron scale scratches and holes on the polished sample.
For better quality substrate removal, a wet etching method can be used, such as a mixture of
selective and non-selective wet chemical etchants for GaSb based materials. A selective etchant is
needed for etching GaSb and terminating at a thin etch stop material layer. Dier et al.82 reported a
tartaric (KNa) acid based solution (C4H4KNaO6:H2O:HCl:H2O2 = 15 g : 200 ml :160 ml :14 ml)
as a selective etchant for an InAs0.91Sb0.09 etch stop/ GaSb substrate material system (etch rates
were 26 nm/min for InAsSb and 449 nm/min for GaSb). By replacing the currently used
Al0.2Ga0.8Sb etch stop layer with a 0.5 μm InAs0.91Sb0.01 layer, the 0.06 selectivity, as reported by
Dier et al., will be enough for our substrate removal process.
Another possible candidate for selective etching between a GaSb substrate and etch stop
layer is a CrO3 based solution. Delaunay et al.83 grew a 1.5 μm thick InAs0.91Sb0.09 etch stop layer
on a n-type GaSb substrate. The final sample was mechanically thinned down to 50μm. Then, the
GaSb was fully removed using a solution composed of CrO3, HF, and water. The quantum
efficiency for a single-pixel device was measured to be 75% at 8.5 μm with a back side
illuminated type-II InAs/GaSb photo detector after removal of the GaSb substrate.
Proposed work regarding the development of a GaSb substrate removal process:
1) Develop procedure for the growth of an alternative etch stop layer with thicknesses of 0.5 μm 1.5 μm that is lattice matched to GaSb substrates
2) Improve the stability lapping and polishing processes for routine thinning of GaSb substrates
down to 30 μm
3) Develop selective wet etch schemes for GaSb substrate removal based on tartaric (KNa) acid
or CrO3 solutions
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4) Evaluate techniques for diagnosing surface conditions (rms measurement)
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Figure 6.1 (a) Polishing rate for lapping films with different grades and (b) Photo of GaSb
dummy samples finished with lapping film with 0.3 μm grade.
6.2.3 Optimization of FPA/ROIC hybridization process
The direct electrical connection of FPAs with ROICs is known as flip-chip bonding.
This technique enables the smallest package, high speed performance of FPA by elimination of
wire bonding, great flexibility of input / output connections, and most hardy interconnection by
an adhesive underfill processing.84 Flip-chip bonding of an SLS detector substrate with a Si ROIC
is presently performed with a FC-150 flip-chip bonder. After mounting the SLS chip on the upper
arm and the ROIC on the lower arm, an optical stage with optics is brought in between the SLS
chip and the ROIC for visual alignment. The image of both chips can be seen through a
microscope or displayed on a monitor. After the horizontal, vertical, and rotational alignment and
parallelism adjustment, the optical stage is retreated. Then the upper arm and lower arm are
compressed to a predefined pressure and temperature. During the bonding cycle, the temperature
and pressure were set to 200 °C and 200 Newton (N), respectively, to melt the Indium and bond
the two chips. The performance of the FPA can be greatly degraded if the two bonded chips have
mismatched parallelism (possible electrical disconnection). Therefore, taller indium bumps
should be fabricated during the indium deposition process to compensate for possible
unparallelism between the FPA and ROIC.

101

The space not filled with Indium between the ROIC and FPA should be filled with a
nonconductive adhesive material to increase chip strength and long term reliability. The underfill
epoxy can protect the indium bump from humidity, vibration and chemical contamination
providing additional mechanical bonding strength in the hybridized FPA. In addition, the thermal
expansion difference between the FPA and ROIC can be compensated through underfill epoxy
especially under low operating temperatures.
Proposed work regarding optimization of the FPA/ROIC hybridization process:
1) Process development of uniform thick indium deposition and reflow process
2) Improve accuracy of FPA and ROIC alignment procedures with the FC 150
3) Optimize parameters regarding the flip chip bonding procedure (time, force, temperature etc)
4) Develop a stable underfill process (vacuum, underfill tool etc)
6.2.4 Multicolor detection by an nBn detector
Multicolor detection is very useful in a variety of IR applications associated with remote
sensing, classification of objects, and medical diagnostics. Bicolor and three color detection
schemes have already been demonstrated with QWIP, MCT, and SLS systems. Current SLS
technology with bicolor detection has been confined to only the MWIR region for FPAs. Our
research group has reported bicolor detection, for a single pixel detector, with MWIR (cutoff
wavelength 4.3μm) and LWIR (cutoff wavelength 8μm) absorption by incorporating SLS
technology. But our reported results only show the bias tunable capability of a bicolor detector
32

based on the nBn design.

Figure 6.2 shows the spectral response of the nBn design with a

MWIR absorbing region consisting of InAs/GaSb 8 x 8 MLs and a LWIR absorbing region
consisting of InAs/GaSb 14x7 MLs. Although this result demonstrates bicolor behavior and
operating temperatures up to ~ 175 ℃ (LWIR), we still need to study the device performance
optimization by adjusting the barrier doping, absorber thickness, growth conditions, and device
passivation schemes in order to use this technology for fabricating multicolor FPAs.
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