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Abstract

Infrared detectors are very important technological tools for many different appli-

cations. Infrared detectors have existed as far back as the late 1700s but received

a tremendous push 200 years later during World War II. Both thermal and photon

based infrared detectors have had significant advancements with many different va-

rieties becoming available with varying degrees of sensitivity, speed, and wavelength

sensitivity. One of the best performing technologies is based on Mercury Cadmium

Telluride. However, it still has limitations with regard to low operating temperature,

material yield and processing difficulties. A newer material technology known as

type-II indium arsenide/gallium antimonide strain-layered superlattice has received

much attention for its potential superior performance from lower dark current, ma-

ture III-V material fabrication techniques, and design versatility. However, superior
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dark current performance has yet to be realized due to large Shockley-Read-Hall

generation-recombination current. To overcome this, researchers have taken advan-

tage of the versatile bandstructure of the superlattice material and have created

heterostructure designs to reduce dark current. These designs include the nBn,

CBIRD, pMp, and pBiBn. These designs have enabled detectors have dark current

behavior to be within a factor of 2 of HgCdTe based detectors. The more basic

of these designs, the nBn, has been utilized in InAs detectors, InAsSb detectors,

HgCdTe detectors, and both mid and long-wave superlattice detectors with success.

However, questions and optimization remain regarding dark current and photocur-

rent behavior, band alignment, and photoconductive gain. Mid-wave InAsSb nBn

detector designs with different barrier composition and doping conditions have been

investigated to help elucidate effects on dark current and photoresponse. Mid-wave

superlattice nBn detectors with different absorber doping conditions have been stud-

ied as well. Dark current was found to be decreased by lightly doping the barrier

layer n-type. variations of the nBn design, such as the pBn and pBp have been

implemented with long-wave superlattice detectors and their bias and temperature

dependent dark current and photoresponse have been studied. Also, the photocon-

ductive gain of a long-wave pBp detector have been measured and found to be slightly

less than unity.
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Chapter 1

Introduction

Technology that utilizes infrared radiation has garnered an immense amount of ap-

plications and consequently the research to develop and improve infrared detection

technologies is very strong. Discussions behind the physics of the causes and detec-

tion of infrared radiation are quite numerous including several texts from respected

authors in the field [13, 14, 15] and many Ph.D. dissertations [16, 17, 18, 19]. The

thrust of much infrared research today is developing high performing imaging tech-

nology operating at high temperatures [20, 21, 22]. Technologies at the forefront

of infrared imaging are Mercury Cadmium Telluride (HgCdTe), Indium Antimonide

(InSb), GaAs/AlGaAs based Quantum Well Infrared Photodetectors (QWIPs) and

microbolometers. Upcoming technologies include InAs/GaSb Type-II strain layered

superlattice (T2SL) and InGaAs/GaAs/AlGaAs Quantum Dot Infrared Photode-

tectors (QDIPs). In this chapter I will outline the history of infrared detectors and

infrared imaging technology, describe modern infrared applications, describe modern

detector technology and its limitations, present a motivation for development of new

technology and outline the research of this dissertation.
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Chapter 1. Introduction

1.1 Historical Perspective of Infrared Detectors

Infrared detection has arguably been around as long as living creatures have been

able to determine the difference between hot and cold. In a more quantitative sense,

a thermometer could count as an early infrared detector, which started to appear

during the 16th and 17th centuries and was developed by many scientist at the

time, one of the most notable ones being Galileo Galilei (1564-1642) [23] in 1592. It

received many improvements through time including being fitted with a scale and

being sealed as to prevent effects from barometric pressure. But the first instance of

using a thermometer to detect ”invisible light” was by Sir William Herschel (1738-

1822), the Royal astronomer to King George III, in 1800 [24]. He came about the

discovery while he was working with different colored optical filters to reduce the

intensity of light while observing the sun. He noticed that the various filters produced

different amounts of heat and decided that the amount of heat transmitted through

a filter depends on the color of the filter. His original experiment to test this idea

consisted of a prism to disperse sun light to its component colors of light and use

a thermometer to measure the temperature under each color. An illustration from

the original paper he published is shown in figure 1.1. He assumed there must be a

maximum point for the heating property of the light and progressed through each

color looking for it. However, the measured temperature continued to increase at

the end of the spectrum on the color red. So he continued to move the thermometer

beyond the red region of the spectrum to where no apparent light was observed but

still measured an increase in temperature. Thus infrared radiation was discovered.

Herschel was not actually the first to measure the temperature, Marsilio Landriani

(1746−1815) from Italy conducted a similar experiment in 1777 investigating the

temperature measured under different colors of illumination. However, Herschel was

the first to determine that heat transmitted through the prism continues to increase

in intensity, and have a maximum, well beyond the visible spectrum. Having made

2



Chapter 1. Introduction

this discovery, he set about measuring the radiation from various light sources like

candle light and kitchen stoves as well as obtaining crude transmission measurements

from different materials; anything from wine and brandy to glass and natural crystals,

to determine suitable optical filters for his work. Herschel thus laid a foundation for

infrared research by discovering that there is some source of energy conveyed by heat

that behaved similarly to light, by identifying a detector (a thermometer) to use,

and by showing that various materials transmit light and heat differently.

There were, however, limitations with Herschel’s detectors. For instance, the time

required for a single measurement was sixteen minutes and the minimum resolvable

temperature was 0.5. As time progressed more sensitive detectors were developed.

The thermoelectric effect discovered by Seebeck in 1821 led Nobili to create the

first thermocouple in 1829. Melloni, in 1833, created a thermopile by placing several

thermocouples in series which created a detector with a sensitivity forty times greater

than the best available thermometers at the time [13].

Melloni continued Herschel’s spectroscopic study of optical materials for their

transmission properties. He made the important contribution of discovering that

typical glass has a limited infrared transmission spectrum but rock salts, on the

other hand, have rather extensive infrared transmission spectrums. Thus began the

use of optical materials that slowly dissolve with humidity; at least the dry New Mex-

ico weather is less cruel in this regard. He went on to measure the solar radiation

spectrum and originate the technique for measuring the transmission spectrum of

the atmosphere using the sun as a source. He even identified variations in the trans-

mission spectrum as effects from water vapor absorption. Research into atmospheric

transmission in the infrared by others led to the creation of figure 1.2 which inspired

the convention of classifying different portions of the spectrum into near-IR (NIR),

short-wave-IR (SWIR), mid-wave-IR (MWIR), and long-wave-IR (LWIR) based on

the the different high transmission windows in the spectrum as outlined in table 1.1.
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Figure 1.1: The apparatus used by William Herschel to detect infrared radiation.
Light shines through a slit which is covered with a prism to disperse the different
wavelengths of light on the table. Thermometers are arranged on a moving platform
on the table to measure the temperature at each color or wavelength.
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Figure 1.2: Infrared transmission spectrum of the atmosphere with absorption valleys
labeled with W (water) and C (carbon dioxide).

Table 1.1: Infrared range classification
Label Abbreviation Range (µm)

Near Infrared NIR 0.7 − 1.5

Short-Wave Infrared SWIR 1.5 − 2.5

Mid-Wave Infrared MWIR 3 − 5.5

Long-Wave Infrared LWIR 8 − 14

In 1840 one of the first thermal imagers was created by non other than William

Herschel’s son John Herschel. It utilized a thin film of oil and created a ”heat picture”

based on a heat induced differential evaporation rate across the film surface. This

was a precursor to the evapograph [25].

By 1880 the thermometer, thermocouple and thermopile had not been improved

upon so a new technology was born; the bolometer. Details of the operation of a

bolometer are described in a later section. Professor S. P. Langley of the Allegheny
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Observatory at the University of Pittsburgh, Pittsburgh Pennsylvania, developed the

bolometer [26] which was 30 times more sensitive than the thermopile.

In 1894 Max Planck (1854 - 1947) had been assigned the task of theoretically

working with black body radiation to determine how to achieve the maximum amount

of light out of light bulbs with minimal energy requirements. Wilhelm Wien had

developed an empirical model that worked well describing short wavelength black

body emission but failed with long wavelengths. By 1900 Planck had developed a

law describing black body radiation for the whole spectrum by using the idea that

light is composed of quantized amounts of energy. The formula for Planck’s law as

a function temperature and wavelength is shown here:

Bλ (T ) =
2hc2

λ5
1

ehc/ (λkBT )− 1
(1.1)

The black body radiation spectrum as a function of wavelength for several source

temperatures is shown in figure

Figure 1.3: Black body spectrum as a function of wavelength for several temperature
from 100K to 6000K. Note that the visible spectrum has a range of 400nm – 700nm
(4 × 10−7 − −7 × 10−7) and the infrared spectrum spans from 700nm – 1mm (7 ×
10−7 −−1× 10−3).
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Then in 1905, Albert Einstein (1879-1955) experimentally confirmed the idea of

quantized energy levels of light or photons with the discovery of the photoelectric

effect. This lead to the development of photon detectors or photodetectors, as op-

posed to the previously discussed thermal detectors which were much slower and

less sensitive. In 1917, Theodore Case (1888-1944) created the first of such detec-

tors from thallus sulfide which operated as a photoconductive detector. During the

time of world war II, significant research by several countries was devoted to in-

frared research in which detection systems based on lead salts were developed. In

the following decades, newer technologies arose including indium antimonide (InSb)

detectors in the early 1950s [27, 28, 29]. However, InSb could only detect MWIR;

research into LWIR detectors lead to the development of HgCdTe detectors in the

late 1950s [30, 31]. With the increasing amount of research with different detector

technologies, a consistent and standard method of comparing them needed to be

established. Work with developing such figure of merits as detectivity was carried

out by Jones in the 1950s [32, 33, 34, 35]. In recent decades, with the improvement

of material and manufacturing technology, imaging systems became more prevalent

and reliable leading to many practical applications some of which will be discussed in

the next section. Common modern technologies will be discussed in a later section.

1.2 Infrared Imaging Applications

Infrared detection technologies serves many applications. A large push for modern

infrared research is in imaging applications which itself has a variety of applica-

tions with interests from defense, security, surveillance, astronomy, medical, energy

monitoring, and industrial. Probably the most common application for IR thermal

imaging is night vision which is valuable because it relies solely on the objects as a

source signal and not low levels of ambient light like image intensifiers. This section
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will explore a couple less common applications of IR imaging.

Medical applications of infrared detection has actually followed relatively close

to the history of infrared detection in itself. For instance, it is well known that

a person’s body temperature is a function of their health and thermometers have

been used since the 1860s to aid medical practice. Likewise, when infrared detection

technology saw vast improvement during WWII, medical applications were quickly

sought. Medical thermal imaging has been around since the 1950s and has been

used to study breast cancer, skin thermography, tissue characterization, imaging

during surgery, dentistry, and veterinary medicine [36]. It is even used to monitor

temperature of patrons at airports to check for illness [37].
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III. FUNCTIONAL INFRARED IMAGING

To be accepted in clinical routine a simple, reproducible 
measurement protocol of the thermographic image 
acquisition and patient preparation has to be set up. In the 
first trials shown in this paper an functional thermography 
strategy has been established. The main point of protocol is 
that the skin spot under suspicion is investigated 
dynamically.  

To get the characteristics or temperature signature, 
respectively, the relevant skin area has to be provoked. 
Generally, two directions are possible. On one hand the skin 
can be warmed up and, on the other hand, the skin can be 
cooled down. One major risk of the warming-up method is 
that the denaturising process of the proteins starts when the 
skin temperature exceeds 42°C. For that reason the cooling-
down method is used in our experiments that produce a 
substantial temperature difference within a few minutes.  

The cooling is carried out using direct contact with cooled 
gel packs. An area of about 10 cm by 10 cm is cooled down 
to 20° C. After this patient-preparation step the signature of 
the thermo-regulation process is recorded by the FLIR SC 
3000 camera with a temperature resolution of 0.03 K. 

A sequel of 300 images is taken in a total time interval of 
five minutes. However, in practice that interval depends on 
the level of cooling and the type of skin lesion. The camera 
is placed directly in front of the lesion using a macro lens.  

A difficulty in the evaluation of the thermo-regulation 
process is that a spot cannot be automatically detected on the 
basis of the temperature image alone, because at the starting 
point of thermo regulation the entire skin region of interest 
has a homogeneous temperature distribution. 
To overcome this problem a marker is attached to the skin 
and a normal digital photo is taken prior to the thermo-
graphic session.  

By comparing the marker of each image with the digital 
image, motion of the patient can be compensated. This is 
important because a small motion in an image acquisition 
with a macroscopic lens can cause errors in the correlation 
between the frames of the thermographic sequel. Without 
stable motion compensation an automated comparison of the 
temperatures of skin and spot is not possible.  

IV. IMAGE PROCESSING

A few elementary image processing steps are required for 
the automated evaluation of the temperature signature of the 
thermo-regulation process: 

o Detection of bore holes of the fiducial marker (that can 
be seen even in the thermographic sequel.) using the 
generalized Hough transformation. 

o Estimation of motion parameters based on the 
homologous landmarks obtained in the first step.  

o Segmentation of suspicious skin spot in the digital 
photo using an active contour. 

o Mapping of spot boundary, i.e. the active contour, to 
each of the thermographic frames using the motion 
model of the second step. 

o Evaluation of thermo-regulation process inside and 
outside the skin area defined by the active contour of 
the third step. 

V. RESULTS

The clinical study is still ongoing. However, two 
examples of the first trials are given in this paper. 

A. Basaliom 
In the first case, a basal-cell carcinoma, the skin has been 

cooled down to 27 °C. The subsequent thermo-regulation 
process is observed to 5 minutes taking infrared frames in 
intervals of 1 s. The healthy skin regulates its temperature to 
36 °C within 5 minutes. Figure 3 shows the digital photo 
and the corresponding infrared image after completes 
thermo regulation.  

Fig. 3. Original and temperature image of a basaliom. 
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Figure 1.4: Skin lesion in visible and infrared. The accompanying graph shows the
change in temperature over time following an initial cold state for both the lesion
and normal skin [1].

Diagnosing skin cancer is a medical application that has received attention in the

past decade from multiple groups including researchers at the Institute of Medical

Engineering at the University of Lbeck [1], John Hopkins University [38], and SK

InfraredTM [39]. Early results taken from ref [1] are shown in figure 1.4. In the study

a lesion on a patient is uniformly cooled along with some normal skin surrounding the

lesion. An infrared camera is used to monitor the lesion and surrounding skin as it

warms to normal body temperature. The temporal and spatial temperature variation

of the skin and lesion can be extracted from the infrared video and plotted as shown.
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The difference in the rate of change in temperature of the lesion as compared to

normal skin offers a clue as to the state of health of the lesion. This particular

lesion is basal cell carcinoma which is malignant; in the study they also looked at a

displastic nevus, a much less threatening condition, which had a very similar rate of

temperature change as compared to normal skin. With continued work with studies

like these, researchers hope to develop a non-invasive tool for diagnosing skin cancer.

Like medical imaging and other applications, industrial applications have existed

for infrared from the beginning. For instance, Herschel’s first use for infrared detec-

tion after discovering it was to use it to test optical filters for his telescope. More

modern applications include chemical sensing, circuit trouble shooting, and mechan-

ical stress monitoring amongst others. For instance, IR imaging can be used to find

microscopic cracks in materials with the help of an ultrasonic transducer [40]. By

applying short pulses of sound waves to some material with the low frequency trans-

ducer, localized heating will ensue in the area of the crack due to the friction of the

surfaces within the crack rubbing against each other. An IR imager is then used to

monitor the heat and locate the crack.

1.3 Modern Detection Methods/Materials

Infrared detector technology includes two primary types, which are photon detec-

tors and thermal detectors. Thermal detectors include Golay cells, thermopiles, and

bolometers. Photon detectors are further divided into two categories namely photo-

conductors and photovoltaics. Each of these can be made of semiconductor materials,

the most prominent being indium antimonide, mercury cadmium telluride, and gal-

lium arsenide and aluminum arsenide based quantum well detectors. This section

will introduce these different technologies and their status in research and commer-

cial availability. In addition to mainstream technologies, emergent technologies will
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be discussed as well, namely III-V superlattice materials that rely on interband tran-

sitions.

Thermal detectors work by an element being locally heated by impinging infrared

radiation. The change in temperature of the absorber element, with respect to

a reservoir to which the absorber is anchored, is then measured directly by the

change in resistance across the absorber. Figure 1.5 shows a diagram and scanning

electron microscope (SEM) image of a microbolometer that would be found in a

microbolometer FPA.

At present large scale integration combined with micromachining has been used for
manufacturing of large 2-D arrays of uncooled IR sensors. This enables fabrication of low
cost and high-quality thermal imagers. Although developed for military applications, low-
cost IR imagers are used in nonmilitary applications such as: drivers aid, aircraft aid,
industrial process monitoring, community services, firefighting, portable mine detection,
night vision, border surveillance, law enforcement, search and rescue, etc.

Microbolometers are the dominant uncooled IR detector technology with more than
95% of the market in 2010. At present, VOx microbolometer arrays are clearly the most
used technology for uncooled detectors (see Fig. 81). VOx is winner the battle between the
technologies and VOx detectors are being produced at a lower cost than either of the two
other technologies [162]. However in the near future, VOx will be challenged by a-Si

13%

70%

17%

Fig. 81. Estimated market shares for VOx, a-Si and BST detectors (after Ref. [162]).

Fig. 82. Commercial bolometer design: (a) VOx bolometer from BAE, (b) a-Si bolometer from Ulis, (c) VOx

umbrella design bolometer from DRS, (d) VOx bolometer from Raytheon, and (e) SOI diode bolometer from

Mitsubishi.

A. Rogalski / Progress in Quantum Electronics 36 (2012) 342–473 427

Figure 1.5: A bolometer consists of an absorbing element anchored to a heat sink
or thermal reservoir by a channel with some conductance, G (illustrative figure on
left). An SEM image of an actual microbolometer array (right).

A weakness of bolometers is that they are inherently slow (50 - 100Hz) as com-

pared to photon detectors because the speed of bolometer is related to the ratio of the

heat capacity of the absorber and the thermal conductance it has with the reservoir.

Also, they have comparatively lower detectivity values (108−−109 Jones) compared

11



Chapter 1. Introduction

to photon detectors. However, many bolometer designs operate at room temper-

ature and even with their slow response speed, this places them at a considerable

advantage for LWIR operation.

Photon detectors work by absorber elements creating electrical signals (photo-

voltaic) or producing a change in conductivity (photoconductive) by absorbing pho-

tons in the infrared spectrum much in the same way modern digital cameras work.

An illustration of both photovoltaic detectors and photoconductive detectors are

shown in figure 1.6.

Figure 1.6: Diagram and bandstructure of a P-I-N photodiode and a photoconductor.
for the PIN detector the different regions are labelled, the photoconductor is uniform
throughout, and the gold rectangles on the end represent the metal contact. In
the band structure in the lower portion of the figure, the blue line represents the
conduction band, and the red line represents the valence band energy. A photon is
absorbed when it has sufficient energy to promote an electron from the valence band
to the conduction band.

Photon detectors are markedly faster (100kHz - 50MHz) than thermal detectors

with photovoltaic detectors being faster than photoconductive detectors. However,

most such detectors require cryogenic cooling with a roughly inverse relationship

between the operating temperature and cut-off wavelength. For instance most SWIR

detectors, like InGaAs detectors, operate at room temperature and most MWIR and
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LWIR detectors require cooling to 77K or colder. But photodetectors generally have

significantly higher detectivity values (1010 Jones for LWIR).

There are several mainstream technologies that are commercially available from

numerous manufacturers. Some of these technologies include InSb, MCT, QWIPs,

and microbolometers. Some manufacturers include FLIR, EPIR, SOFRADIR, Tele-

dyne Judson, Hamamatsu, Semiconductor Devices, IR Associates, and Qmagiq. This

section will cover different mainstream technologies available, describe their charac-

teristics, advantages, disadvantages, and list companies that make them. The pri-

mary ones that will be discussed and compared, however, are InSb and HgCdTe given

they both operate by interband transistions (carrier excitation from valence band to

conduction band) which is similar to the operational behavior and characteristics as

the upcoming superlattice based competitor.

Indium Antimonide (InSb) InSb detectors are one of the primary technologies

used for MWIR applications because of its good yield, responsivity, detectivity and

spatial uniformity [41]. It is manufactured and sold by several companies including

but not limited to InfraRed Associates, Judson Teledyne, Hamamatsu Photonics,

Semiconductor Devices, FLIR, Raytheon Vision Systems, etc. Its performance is

comparable with MCT and growth and fabrication procedures are well established.

Specific detectivity values reported by the previously mentioned companies are ∼1×

1011 Jones. However, they require cryogenic temperature operation ( 77K) and do not

have a tunable band gap. Thus, InSb detectors performance are limited to MWIR

and cannot be used for high temperature operation. They are nonetheless one of the

primary detector technologies for MWIR.

Mercury Cadmium Telluride (HgCdTe, or MCT) based detectors have some of

the best performance characteristics. MCT detectors have tunable band gaps, and

consequently a tunable cut-off wavelength, by variation of the material composition,

and have high responsivity and detectivity [42]. The responsivity and detectivity of
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MCT detectors are very good with values very close if not at ideal background limited

conditions. The main drawback of MCT detectors is that they are very expensive

due to low yield from difficulties in handling and processing. MCT detectors are

widely available and are produced by all the companies listed in the previous section

as well.

QWIP detectors are photoconductors and work using intraband transitions (tran-

sitions from confined energy levels in quantum wells to continuum energy states above

the conduction band). Such detectors have good uniformity and low dark current but

are limited by cryogenic temperature operation (60-80K) and low quantum efficiency

due to a lack of normal incidence absorption [43]. They have achieved commercial

success with companies such as Qmagiq (US, http://www.qmagiq.com/) and IRnova

(Sweden, http://www.ir-nova.se/). A graphical illustration of the basic operation of

a QWIP detector is shown in figure 1.7.

the doped quantum wells, exciting an electron into the miniband which provides the transport
mechanism, until it is collected or recaptured into another quantum well.

A distinct feature of n-type QWIPs is that the optical absorption strength is
proportional to the electric-field polarization component of an incident photon in a
direction normal to the plane of the quantum wells. For imaging, it is necessary to couple
light uniformly to 2-D arrays of these detectors, so a diffraction grating is incorporated on
one side of the detectors to redirect a normally incident photon into propagation angles
more favorable for absorption (see Fig. 74).

LWIR QWIP cannot compete with HgCdTe photodiode as the single device, especially at
higher temperature operation (470 K) due to fundamental limitations associated with
intersubband transitions [143]. QWIP detectors have relatively low quantum efficiencies,
typically less than 10%. The spectral response band is also narrow for this detector, with a
full-width, half-maximum of about 15%. All the QWIP data with cut-off wavelength about
9 mm is clustered between 1010 and 1011 cm Hz1/2/W at about 77 K operating temperature.

-
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Fig. 73. Band diagram of demonstrated QWIP structures: (a) bound-to-extended (after Ref. [142] and (b) bound-

to-miniband. Three mechanisms creating dark current are also shown in Fig. (a): ground-state sequential

tunnelling (1), intermediate thermally assisted tunnelling (2), and thermionic emission (3).

Fig. 74. Gratings light-coupling mechanisms used in QWIPs: (a) gratings with optical cavity, (b) random

scattered reflector and (c) corrugated quantum wells.

A. Rogalski / Progress in Quantum Electronics 36 (2012) 342–473 419

Figure 1.7: QWIP detector bandstructure, photon absorption and transport illus-
tration from ref. [2].

Indium Arsenide (InAs) and Indium Arsenide Antimonide (InAsSb) detectors

are limited similarly as InSb detectors but have shorter cutoff wavelengths and can

operate at higher temperatures. In recent years InAs and InAsSb detectors have

been used in nBn [6, 44] architectures to achieve higher operating temperatures and
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are now commercially available operating at temperature of 150K from SCD. Several

technologies including MCT and InSb are shown in figure 1.8.

Progress in IR detector technology is connected with semiconductor IR detectors,
which are included in the class of photon detectors. In this class of detectors the
radiation is absorbed within the material by interaction with electrons either bound
to lattice atoms or to impurity atoms or with free electrons. The observed electrical
output signal results from the changed electronic energy distribution. The photon
detectors show a selective wavelength dependence of response per unit incident
radiation power. They exhibit both perfect signal-to-noise performance and a very
fast response. But to achieve this, the photon detectors require cryogenic cooling.
Photon detectors having long-wavelength limits above about 3 mm are generally
cooled. This is necessary to prevent the thermal generation of charge carriers. The
thermal transitions compete with the optical ones, making non-cooled devices very
noisy. Cooling requirements are the main obstacle to the more widespread use of IR
systems based on semiconductor photodetectors making them bulky, heavy,
expensive and inconvenient to use.
Depending on the nature of the interaction, the class of photon detectors is further

sub-divided into different types as shown in Table 1. The most important are:
intrinsic detectors, extrinsic detectors, photoemissive (metal silicide Schottky
barriers) detectors, and quantum well detectors. Depending on how the electric or
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Fig. 2. Comparison of the Dn of various commercially available infrared detectors when operated at the

indicated temperature. Chopping frequency is 1000Hz for all detectors except the thermopile (10Hz),

thermocouple (10Hz), thermistor bolometer (10Hz), Golay cell (10Hz) and pyroelectric detector (10Hz).

Each detector is assumed to view a hemispherical surrounding at a temperature of 300K. Theoretical

curves for the background-limited Dn (dashed lines) for ideal photovoltaic and photoconductive detectors

and thermal detectors are also shown. PC—photoconductive detector, PV—photovoltaic detector, and

PEM—photoelectromagnetic detector.
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Figure 1.8: Specific detectivity vs. wavelength plot for several different detector
technologies from ref. [3].

1.3.1 Figures of Merit

Detectors are evaluated and compared for their performance using several charac-

teristics or figure of merits such as detectivity as mentioned in an earlier section.

This section will outline and describe some of the more common figures used. More

detailed definitions and techniques for determining their quantities are discussed in

chapter three.

Spectral Response: This is the electrical response produced by a detector

depending on the wavelength of light or radiation it absorbs. It indicates the cut-off
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wavelength, whether it is, for example, a short-wave, mid-wave, or long-wave (SWIR,

MWIR, or LWIR) detector as well as the spectral range of the detector, whether it

is a narrow band or broad band detector.

Operating Temperature: This is the temperature at which a given detector

can work properly. This parameter is very important and is one of the major motiva-

tions for IR detector research. It determines if a detector requires cooling, and if so,

what kind and how expensive the detector will be as well as its reliability. Examples

of different means of cooling detectors are shown in the following table

Table 1.2: Different types of cryocoolers and their temperature ranges
Cryocooler Temperature Range (K)

Single stage thermal electric cooler (TEC) 230 − 300

Multi-stage TEC 180 − 300

Radiation coolers 80 − 300

Joule-Thompson and mechanical refrigerators 10 − 300

Dark Current Density: Dark current is the electrical current present in a

detector that arises due to some other means besides absorbed photons. It is a good

indicator of the amount of noise present and consequently the operating temperature

it will have. There are several factors that contribute to dark current most of which

will be described in detail in chapter three.

Quantum Efficiency: Quantum efficiency (QE) has variations in its definition

but for this text will refer to the fraction of light that is absorbed by carriers in the

detector material. Other definitions include the amount of carriers that are extracted

from the detector, however, this definition can be convoluted with photoconductive

gain.
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Specific Detectivity: Commonly known as D*, is a merit that describes both

signal and noise of a detector. More specifically, it is the detectivity of a detector

that is normalized with respect the area and noise measurement bandwidth of the

detector, where detectivity is the inverse of the noise equivalent power (NEP), and

where NEP is the signal power required to equal the noise level, or alternatively, the

signal level required to achieve a signal-to-noise-ratio (SNR) of one.

Noise Equivalent Temperature Difference: Also known as NEDT, is the

characteristic generally used to describe the performance of an infrared focal plane

array (FPA). As the name suggest, it is the temperature variation of an object being

viewed that is equal to the noise level. Thus NEDT is an indicator of the minimum

resolvable temperature difference that a given infrared camera can perceive.

1.3.2 IR Detector Technology Status and Trends

In recent years most discussion of infrared detectors was concerned with that of

third generation infrared detectors [45] and now there is even light discussion about

fourth generation detectors [46]. Before this, first generation IR imaging systems

consisted of linear arrays that would spatially scan across a region to form an image.

Second generation systems consisted of two dimensional starring arrays. Nowadays,

third generation systems consist of large format (1−5 mega-pixels) arrays, higher

frame rates, improved thermal resolution, multi-color operation, and higher operation

temperature. Fourth generation IR imaging systems as perceived by the ”crystal

ball” will include multimodal data acquisition ”such as color, polarization, dynamic

range and phase” as well as ”smart pixels” such that FPA level image processing is

capable of condensing the data set acquired during imaging.

Improvement in temperature operation has been one of the strongest research

thrusts in third generation IR systems. Previously the trend for the operating tem-
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perature as a function of cut-off wavelength has followed T = 300K
λC

as dipicted in

figure 1.9 [2].

cooling requirements of IR and visible detectors are closed cycle refrigerators and
thermoelectric coolers. Closed cycle refrigerators can achieve the cryogenic temperatures
required for cooled IR sensors, while thermoelectric coolers are generally the preferred
approach to temperature control for uncooled visible and IR sensors. The major difference
between the thermoelectric and mechanical cryocoolers is the nature of the working fluid.
A thermoelectric cooler is a solid-state device that uses charge carriers (electrons or holes)
as a working fluid, whereas mechanical cryocoolers use a gas such as helium as the
working fluid.

The selection of a cooler for a specific application depends on cooling capacity,
operating temperature, procurement, cost and maintenance, and servicing requirements.
A survey of currently operating cryogenic systems for commercial, military, and space
applications are summarized in Fig. 6.

2.2.1. Cryocoolers

Cryocoolers can be classified as either recuperative or regenerative. In recuperative
systems, gas flows in a single direction. The gas is compressed at ambient fixed temperature
and pressure and allowed to expand through an orifice to the desired cryogenic fixed
temperature and pressure. The Joule Thompson and Brayton cycle refrigerators are
examples of recuperative systems.

In a regenerative system, the gas flow oscillates back and forth between hot and cold
regions driven by a piston, diaphragm or compressor, with the gas being compressed at the
hot end and expanded on the cold end. Stirling, Gifford-McMahon and Pulse Tube
cryocoolers are the most common types of regenerative cryocooler systems.

Fig. 7 presents a map of the major cryocooler applications in terms of the temperature
and net refrigeration power required. The major commercial applications include
cryopumps for semiconductor fabrication facilities, magnetic resonance imaging magnet

1000
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0.1

Fig. 5. Operating temperatures for low-background material systems with their spectral band of greatest

sensitivity. The dashed line indicates the trend toward lower operating temperature for longer wavelength

detection.

A. Rogalski / Progress in Quantum Electronics 36 (2012) 342–473 349

Figure 1.9: Operating temperatures for low-background material systems with their
spectral band of greatest sensitivity. The dashed line indicates the trend toward
lower operating temperature for longer wavelength detection.[2].

Rule 07 [47, 4, 48], an empirical fit that was originally created to be a design

rule of thumb for HgCdTe IR systems, has recently become a useful trend for de-

vice comparison. The rule describes the dark current density as a function of both

wavelength and temperature for HgCdTe based detectors. It holds prominence with

emergent technology research such as research in T2SL because HgCdTe based de-

tectors are currently one of the best performing detector materials available. Figure

1.10 shows Rule 07 plotted with some results for T2SL as reported in [4] as compared

to theoretical expectations of T2SL detectors.
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HgCdTe. The theoretical Auger-limited perfor-
mance of an SLS device can, in principle, exceed
that of HgCdTe by at least an order of magnitude.6

Until recently, however, SLS performance lagged
that of HgCdTe by many orders of magnitude.
Within the last 3 years, several laboratories have
shown significant progress.9–11 There is some dis-
tance to go, however, to equal HgCdTe performance
and then to realize the full theoretical potential of
the SLS.

Figure 4 shows the best published results from
recent SLS devices and the best nBn devices we
could find to compare with Rule 07.13–16 Most of the
SLS layers are thin, as is evidenced by their rela-
tively low quantum efficiency (typically 20–30%
with front-side illumination). If the thin SLS devices
are limited by bulk diffusion currents, their dark
current density would also be lower because of the
reduced generation volume. We have included the
upward bar on the measured SLS data points to
provide an estimate of the dark current if the
devices were diffusion limited and thick enough to
provide comparable QE to typical HgCdTe. The
estimate is obtained by inferring thickness from the
reported front-side quantum efficiency. We note,
however, that the shape of the reported SLS
current–voltage (I–V) characteristics often indi-
cated a G–R or other junction-related limit, in which
case the solid symbols in Fig. 4 provide the appro-
priate comparison. Also in the figure are presented
theoretical calculations from Grein et al.6 These
calculations show the potential for SLS to greatly
exceed the performance of state-of-the-art HgCdTe.
From our experience at TIS it appears that the best
SLS devices are limited by relatively short lifetimes
due to some recombining defect, rather than by
their superior Auger performance. The com-
plementary barrier infrared detector (CBIRD)
structure from the Jet Propulsion Laboratory (JPL)

is relatively close to Rule 07, and it may well be
possible that, by understanding and adjusting the
SLS band and addressing defect issues, SLS tech-
nology could overtake the more mature HgCdTe.

CONCLUSIONS

Rule 07 continues to be a good predictor of p/n
HgCdTe performance, continuing to predict dark
current densities for the best device cutoff wave-
length–temperature products above 400 lm K, and
even for some VLWIR devices below 77 K. It closely
approximates Auger 1 generation in layers with
realistic size and doping, indicating that the rela-
tively well-understood fundamental Auger process
determines HgCdTe performance for MWIR and
longer wavelengths. To go beyond this performance
level may be helped by moving to Auger-7-limited
devices, but only incrementally. Dramatic improve-
ments will require full Auger suppression in
HgCdTe or the transition to an SLS-based detector,
if and when SLS can attain its theoretical potential.
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Figure 1.10: Comparison of Rule 07 with experimental and theoretical results of
T2SL detectors.[4].

At the quantum structure infrared photodetector (QSIP) conference of 2012, a

conference that attracts most of the leaders in infrared detector technology research,

the largest sub category of presentations was focused on type-II superlattice based

technologies and heterostructure detectors because of their potential for high tem-

perature operation. The growth in T2SL research has actually sparked more research

in the competitor technology, HgCdTe, to make improvements in the detector fabri-

cation and operation including research in new lower cost substrate materials. Other

research trends include enhancing optical absorption or coupling using plasmonic

and photonic crystal structures [49].

1.3.3 New Research Thrusts

The different technologies discussed previously have various limitations to the perfor-

mance value of each detector. The performance is ultimately dictated by the SNR as

characterized by either D* for a single pixel detector, or NEDT for FPAs or similar
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figure of merits. In this section, various noise sources will be discussed along with the

status and trends of some popular detector technologies and new emergent material

technologies and design architectures.

Sources of Noise

The sources of noise are quite prevalent in detector systems and include amplifier

noise, background noise, and thermal noise processes within the detector material.

This thesis is concerned primarily with the operation of the detector material itself

so amplifier noise will not be discussed to much extent and background noise or noise

due to the random flux of photons is the theoretical limiting factor and is handled

by manipulation of the detector optics and field of view. The internal thermal noise

processes of the detector material include shot noise and Johnson noise contributions

from the detector electrical current and dynamic resistance. The detector current de-

pends on Shockley-Read-Hall (SRH) generation-recombination (G-R), band-to-band

tunneling (BTB), trap-assisted-tunneling (TAT), Auger generation-recombination,

surface leakage current, and radiative recombination. More detailed descriptions are

included in chapter three.

New Materials and Architectures: InAs/GaSb Superlattices and Novel

Heterostructures

New materials and device designs have been developed to overcome these limitations.

The T2SL material system has certainly garnered much attention for its potential

performance, however, it still has dark current limitations the two biggest being

SRH G-R current and surface leakage current[50]. Another material design utilizes

Stranski-Krastinov quantum dot growth, commonly known as quantum-dot infrared

photodetectors or QDIP with similarities to QWIP based detectors [51]. QDIP detec-
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tors are attractive because of their normal incident absorption and band engineering

versatility but still have low operating temperature due to large dark current den-

sities at high temperatures. Modern T2SL based detectors have been designed to

overcome dark current limitations by utilizing special heterostructure schemes. Some

of these designs have also been utilized in the more traditional materials as HgCdTe

and InAs.

The InAs/GaSb type-II strain layered superlattice material system is character-

ized by a theoretically superior dark current performance, as compared with HgCdTe

detectors, and a versatile semiconductor band structure. T2SL material consists of

alternating layers, on the order of 1nm - 5nm thick, of the III-V InAs and GaSb

binary semiconductor materials as depicted in figure 1.11. The term superlattice

comes from this system being a repetition of multiple crystal lattices, or a lattice of

lattices, hence ”superlattice”. The material is also characterized by locally induced

strain within each layer or period which is a key characteristic for reducing Auger

recombination. To prevent the strain from compromising a thick structure, which is

necessary for detectors, strain compensation layers are inserted in each period which

prevent the strain from accumulating while allowing local strain to exist.
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Figure 1.11: Superlattice bandstructure illustration with alternating layers of InAs
and GaSb with the conduction band represented by the blue line and the valence
band represented by the red line. The superlattice minibands are represented by
the thick red and blue lines whose separation is the effective superlattice band gap
energy.

T2SL was first theorized by Esaki and Tsu in the 1970s [52, 53] and in 1987 its

application to infrared detection was proposed by Smith and Mailhiot [54]. With

the improvement of molecular beam (MBE) technology, significant work has been

contributed to understanding fundamental principles of theoretical properties, crystal

growth, fabrication, and device operation of superlattice materials [55, 56, 57, 58, 59].

Key advantages offered by superlattice based detectors over other more traditional

materials are reduced Auger recombination; mature III-V device fabrication; versatile

band gap engineering to cover SWIR, MWIR, LWIR and VLWIR; high quantum

efficiency; and low tunneling currents. However, since the T2SL material has yet to

experimentally achieve theoretical superiority over its rival, HgCdTe, in terms of dark

current levels, research continues to make improvements. Most of the dark current

limitations arise from SRH G-R mechanisms and surface leakage current, thus most
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research has been poured in developing heterostructures and passivation recipes to

counter these issues. There is also much to still to be learned concerning growth

effects on strain balancing, strength of photoresponse and cut-off wavelength [60, 61,

62]. The research in this dissertation is focused on the operation of antimonide and

superlattice based IR detector technology that utilize heterostructures. The next

chapter will discuss in more detail some of the more prominent heterostructures that

have been studied.

1.4 Organization and Contribution of This Work

The author of this work has been involved in numerous projects with infrared de-

tection technology. Contributions have been made with regards to characterization

of materials, fabrication of detectors, and characterization of detectors. More specif-

ically, he has co-authored work concerning MWIR and LWIR pBiBn barrier engi-

neered detectors [10, 63], MWIR T2SL interband cascade detectors [64, 63], gallium

free MWIR InAs/InAsSb superlattice based detectors [65], minority carrier lateral

diffusion length in nBn detectors [66], LWIR T2SL nBn and p-i-n detectors [67], and

various passivation schemes [68, 69, 70].

The dissertation presented here describes research conducted on mid-wave and

long-wave detectors based on T2SL heterostructures utilizing heterostructure de-

signs. This work is divided into seven chapters, the first being the introduction.

Chapter two discusses the history of heterostructure detectors in regards to T2SL

research including discussions on nBn, pBiBn, pMp, and CBIRD designs and close

with a description of the device designs considered here. Chapter three describes

materials and methods used in this work including material growth by molecular

beam epitaxy, detector fabrication, material characterization and detector charac-

terization. Chapter four presents work on mid-wave InAsSb detectors based on the
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nBn design. Chapter five shows research with mid-wave T2SL detectors based on

the nBn design. Chapter six presents the extension of the nBn design to the long

wave and shows the behavior of similar devices with variations in the design. Finally

chapter seven summarizes the work of this dissertation and provides an outlook for

future endeavors.

1.5 Summary

This chapter introduced the history of infrared detection, modern detector technolo-

gies, detection figures of merits, emerging technologies, applications and contribu-

tions of this dissertation. Infrared detectors have come a long way since the 1800s

with single element detection and sixteen minute response times to high resolution

detector arrays with response times on the order of microseconds. Detectors of to-

day are fully characterized for their wavelength response, operating temperature,

efficiency, noise, detectivity, and response speed. The time of World War II saw

a dramatic jump in detector capabilities with the improvement of HgCdTe, InSb,

and micro-bolometer based technology. Indeed we have come a long way since Her-

schel’s detectors of 16 minute measurements with 0.5K resolution to 1MHz speed

with 20mK temperature resolution. The past few decades has also seen significant

improvements in those technologies as well as new technologies garnering interest

like the InAs/GaSb type-II superlattice material system. Designs utilizing this ma-

terial are still in development and are the concern of many studies including this

dissertation.
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Heterostructure Detectors

Incorporation of unipolar barriers in mid-wave and long-wave infrared detectors im-

prove performance by lowering dark current density and, consequently, raises the

detector operating temperature. Various heterostructure architectures have been

utilized [11, 8, 67, 71] for performance enhancement of LWIR detectors. T2SL have

gained interest in recent years for its theoretical potential to surpass the perfor-

mance of HgCdTe based detectors due to a reduced auger-7 recombination lifetime

[54]. However, it has not yet achieved this owing primarily to Shockley-Read-Hall

(SRH) generation-recombination (G-R) mechanisms being the limiting dark current

mechanism [72]. Researchers are tackling this from two different approaches, one

being from a material stand point [73], the other being device design utilizing the

structures listed earlier. The subject of this dissertation is concerned with the later

topic.

Design of heterostructure devices with T2SL materials is made possible by the

III-V 6.1Å family of materials [5] in terms of lattice parameters and band gap which

makes way for the versatility of T2SL materials [74]; figure 2.1 illustrates this along

with figure 2.2. Examples of the different material systems and heterostructure
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detector designs are presented in this chapter.

Figure 2.1: Band gap energy versus lattice constant for III-V semiconductors.
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Fig. 1. Band lineups in the 6:1 �A family of semiconductors. The
shaded areas represent the energy gaps. All energies are in eV.
Adapted from Ref. [2], with additions of estimates for the lineups
of InSb, and of Al(Sb,As) lattice-matched to InAs. For a recent
comprehensive compilation of band parameters, see Ref. [3].

The most exotic lineup is that of InAs/GaSb hetero-
junctions, for which it was found already in 1977 by
Sakaki et al. [1], that they exhibit a broken gap lineup:
at the interface, the bottom of conduction band of InAs
lines up below the top of the valence band of GaSb,
with a break in the gap of about 150 meV (Fig. 1). It
was probably this remarkable discovery that triggered
much of the interest in the entire 6:1 �A family already
early in the evolution of MBE technology.
The observation of a broken-gap lineup was not

completely unexpected. In his 1977 pseudopotential
theory of heterojunction band lineups, Frensley [4] had
raised the likelihood of such a lineup. The Harrison
LCAO theory of band lineups, also published in 1977
[5], yielded a similar prediction.
When replacing Ga with Al, the valence band drops

by about 0:4 eV, closing the broken gap and leading to
a weakly staggered lineup. At the same time, the con-
duction band rises by about 0:4 eV, leading to an ex-
ceptionally large InAs/AlSb conduction band o;set of
about 1:35 eV [6]. It makes possible very deep quan-
tum wells and very high tunneling barriers, of great
interest for both research and device applications.
Much of the work on heterostructures between

InAs and the antimonides went beyond the use of
binary AlSb or GaSb, going to ternary alloys like

(Al,Ga)Sb, (Ga,In)Sb, or Al(Sb,As). The principal
motivation for the use of (Al,Ga)Sb with about 10
–20% of Ga—a substitution that actually reduces the
lattice mismatch—is to enhance the chemical sta-
bility of AlSb against oxidation. An accompanying
reduction in the large height of the electron barrier is
largely inconsequential, but the accompanying reduc-
tion in the residual gap at the interface (the energy
di;erence between the InAs conduction band and the
AlSb valence band) can lead to leakage problems in
gated structures.
Replacing some of the Sb atoms in AlSb by As

atoms has the opposite e;ect: the energy gap increases,
but the valence band drops by more than the energy
gap increase, hence the conduction band actually drops
in energy, eventually leading to a conventional strad-
dling lineup [7]. Finally, if In is substituted for Ga,
the energy gap narrows. Superlattices between InAs
and either (Ga,In)Sb, or Al(Sb,As) are no longer lat-
tice matched, but as long as the strain does not sig-
ni5cantly exceed 1%, it does not necessarily lead to
mis5t dislocations in suMciently thin layers. Instead,
the strain leads to a reduction of the residual gap, a
property utilized for long-wavelength infrared detec-
tors, discussed in Section 6.
A 5nal lineup property—of a di;erent kind, but of

great importance in all applications involving elec-
tron transport through InAs—concerns clean metal–
InAs interfaces: the interface Fermi level is pinned
at about 130 meV above the bottom of the conduc-
tion band [8]. Hence, metal–InAs contacts do not form
electron-blocking Schottky barriers.
Given the limitations of space, the present review is

necessarily incomplete, concentrating on selected as-
pects of heterostructures between InAs and (Al,Ga)As
with varying Al:Ga ratio. Antimonide-only het-
erostructures are ignored, as are conventional devices,
such as FETs and RTDs, in which the narrow gap of
InAs plays only an incidental role. Additional details
of some of the material presented here can be found
in a longer 1999 review by Kroemer and Hu [2], but
even there the coverage is by no means complete.

2. MBE growth

The MBE technology of both InAs and AlSb has
been worked out to the point that the growth of such
structures is now fairly routine. Following earlier

Figure 2.2: Band gap energy of the III-V 6.1Å family as presented in ref. [5].
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2.1 nBn

The nBn design has become very popular and has been used in various materials. The

very first proposed design that incorporated an nBn configuration was actually with

HgCdTe in 1987. It received much more attention however in 2006 when Maimon and

Wicks of the University of Rochester used it for an InAs detector. Much work with

nBn, or XBn, has also been invested by Klipstein at SemiCondutor Devices (SCD)

where it has become a commercial product. Santa Barbara Infrared and IRCameras

along with Lockheed Martin have also developed a commercial camera based on the

nBn design. In 2007, Rodriguez of the University of New Mexico adapted the design

to the T2SL material system for the mid-wave range. It was later used for long-wave

as well as dual-color designs.

The basic design of an nBn detector consists of a n-type narrow band gap ab-

sorber material followed by a wide band gap barrier layer, which has no valence

band offset with the other layers and a large conduction band offset, capped with a

narrow band gap n-type contact layer. The motivation for the design is that the lack

of a depletion region decreases the amount of dark current in the device by reducing

different mechanisms such as SRH generation-recombination, band-to-band tunnel-

ing, and trap assisted tunneling could take place. When biased, most of the electric

field falls across the wide band gap barrier which also limits the amount of band

bending within the narrow band gap materials. The barrier also blocks the flow of

majority carrier electrons making the current due to minority carrier holes, and pho-

togenerated electrons and holes. The drawback of the design being that it requires

an applied bias to extract carriers. An illustration of the ideal nBn bandstructure

under externally applied bias is shown in figure 2.3.
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Figure 2.3: Qualitative illustration of the nBn band structure under bias with carrier
absorption and current flow.

The parameters that go into designing a nBn detector are important for opti-

mizing dark current and photoresponse. such parameters include the doping of the

contact layers, absorber and barrier; the valence band alignment between the different

layers; and the different possible material systems for the absorber, barrier and con-

tact layers. Figure 2.4 shows the different alignments amongst the layers. The con-

duction band offset, ∆EC , should be sufficiently large between the absorber/contact

layer and barrier so as to prevent thermionic emission of carriers over the barrier from

the contact layer. On the other hand, the valence band offset, ∆EV , between the ab-

sorber/contact layer and barrier needs to be minimal or non-existent to prevent the

hindrance of the flow of photocurrent. Parameters that affect the alignment of these

junctions include the material composition and the doping concentration. In the

case of doping, for instance, increasing the n-type dopant will raise the Fermi energy

level which then by aligning with the other layers forces the conduction and valence

bands to lower in energy with respect to valence and conduction bands of the other

layers. Conversely, increasing the p-type doping lowers the Fermi energy level which

then causes the valence and conduction band to raise in energy with respect to the
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other layers. The degree to which the material composition affects band alignment

greatly depends on what material is being utilized which may be constrained due to

lattic matchin conditions. Misalignment of the valence band between the barrier and

absorber/contact layer will result in either a well or barrier to be formed. Either case

results in the blocking of current flow however the formation of a well also increases

the chances of tunneling to occur. Thus for optimal device operation proper care

must be taken in the design of a nBn detector.

Figure 2.4: illustration of the various energy levels and band alignments of the nBn
architecture.

With the reduction of dark current in the nBn design relative to a traditional p-i-

n design comes higher operating temperatures. Figure 2.5 illustrates this comparison

using an Arrhenius plot in which the dark current is plotted on the vertical axis on

a log scale and the inverse of the temperature is plotted on the horizontal axis. The

slope of the line in such a plot is known as the activation which provides clues about

the limiting dark current mechanism. For instance if the slope is equal to the 0K
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band gap energy (Eg,0) then the dark current is limited by diffusion current. If the

slope is approximately half Eg,0 then the dark current is limited by G-R current.

For most p-i-n diodes, high temperatures are dominated by diffusion current and

low temperatures are dominated by G-R. In the case of the ideal nBn architecture,

the current is dominated by diffusion for the whole temperature range because G-

R current is either completely removed or greatly reduced. This translates to two

possibilities in the improvement of detector operation: (1) a given detector can

operate at the same temperature with significantly reduced dark current density and

consequently reduced noise and improved detectivity, or (2) a given detector can

operate with the same dark current density as a p-i-n detector but at a significantly

higher temperature.

Figure 2.5: Qualitative illustration of the dark current in a nBn detecton compared
to the conventional p-i-n architecture.

Aside from reducing G-R dark current, the nBn design can also be used to reduce

surface leakage current by utilizing a shallow etch processing scheme. In a typical

photodiode the pixel is defined by etching away the material surrounding the pixel

area until the bottom contact is reached which exposes the narrow band gap absorber

layer. This layer is susceptible to surface leakage current due to various surface

states caused by damage during etching or oxidation. Using the nBn design, with

the shallow etch fabrication scheme, surface leakage current is removed or reduced
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because the narrow band gap absorber remains unetched and thus protected. This

is different from passivation since the material is never once damaged and exposed.

Where as with passivated devices, the material damaged and exposed during the

processing and then covered with a protective material. This is akin to placing a

band-aid on a wound; for nBn detectors, the wound is never made. The pixel is

then defined by the minority carrier lateral diffusion length, as opposed to etched

dimensions. However, a potential problem with this is if the diffusion length is longer

than the separation between each pixel, interference or cross talk between the pixels

can create blurry or low resolution images. See figure 2.6 for a side profile illustration

of a shallow etched nBn detector.

Figure 2.6: Diagram illustrating the shallow etch scheme used with the nBn device
in which pixels are etched only to the barrier layer and the absorber layer is left
unaltered. The total pixel area and volume is defined by the minority carrier lateral
diffusion length (LD).

Barrier designs such as the nBn design also lend themselves quite easily to multi-

color detection. Starting with the nBn design, lengthen the top contact and lower its

doping level such that it makes a suitable absorber. Next change its band gap while
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maintaining a nearly zero valence band offset with the barrier. Now when operating

the detector with a negative bias (negative top contact with respect to the bottom

contact) the photo carriers created from infrared radiation absorbed in the bottom

absorber layer will be collected, where as if a positive bias is applied photo carriers

excited from the top absorber layer will be collected. Thus a dual-color detector

detector can be created utilizing dual bias polarity operation. Figure 2.7 illustrates

the band structure operation of a nBn dual-color detector.

Figure 2.7: Dual color detection in nBn band structure using opposite polarities.

Some basic characteristics concerning the operation of the nBn design, as well

as other heterostructure designs, are not well understood. For instance, the role of

photoconductive gain is still unknown and limited work has been done to investigate.

One study by Soibel et. al. [75] investigates gain in the CBIRD detector and a design

similar to the nBn known as ”pMp” is described as having no gain [76]. Both of

theses designs will be described later in this chapter. A discussion of the physics of

photoconductive gain along with an experimental study is presented in chapter six.
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2.1.1 HgCdTe

The very first mention or allusion to a nBn type configuration for an infrared detector

was described in the 1987 patent by Anthony White [77]. The primary motivation

for such a design in HgCdTe material was to have a detector with the simplicity of a

photoconductor, in terms of only having to deal with n-type material, but have the

low noise or dark current of a photodiode. The patent also envisioned other variations

including a dual-color design and a p-n junction diode but with an electron barrier in

between. Adaptations of these variations in other materials will be discussed later.

The HgCdTe based nBn design was picked up later by Anne Itsuno [78], moti-

vated by the difficulties associated with controlled p-type doping whether it be by ion

implantation [79] or in MBE grown HgCdTe structures [80]. In addition, the versa-

tility of HgCdTe material of band gap variation with nearly zero variation in lattice

constant allows multi-color devices to be fabricated with this system as described

earlier.

The device fabricated was grown by MBE on a bulk CdZnTe (211)B substrate and

consisted of three layers: a narrow band gap top contact, a wide band gap barrier, and

a narrow band gap absorber. All three layers are doped with indium and the growth

was terminated with CdTe. The top contact and absorber had Cd mole fractions

of approximately 0.3, which corresponds to a cut-off wavelength of approximately

5.7µm at 77K, and the barrier layer had a Cd mole fraction of approximately 0.64.

Devices were fabricated by traditional fabrication methods: optical photolithography,

plasma etching to access the absorber contact, metallization, and lift-off. Zinc Sulfide

(ZnS) was used as passivation and insulation between the detector material and metal

contact pads. The metal contacts consisted of 100nm of indium and the the extended

metal contact pads were made with Ti/Au with thicknesses of 20nm/300nm.

A valence band offset between the absorber and the barrier hindered the photo

33



Chapter 2. Heterostructure Detectors

current at low biases resulting in a turn on voltage of ∼ −0.8V . Dark current

density above 180K was limited by Auger mechanisms; at or below 180K it satu-

rates at −0.54A/cm2. This is attributed to surface leakage current due to a strong

dependence on the perimeter to area ratio. It is stated that further research and

optimization of the nBn device structure with HgCdTe is necessary before an ac-

curate comparison can be made with Rule 07. Carrier collection was concluded to

be good from photoresponse measurements which implied a QE greater than 100%.

The impossibly large QE was attributed to a large lateral photon collection. Further

research and optimization is needed to evaluate if the nBn architecture is a suitable

design for HgCdTe based detectors.

2.1.2 InAs

One of the more popular initial implementations of the nBn design was with indium

arsenide (InAs) by Maimon and Wicks [6]. InAs has a typical 77K detectivity of

8 × 1011 Jones and a cut-off wavelength of approximately 3µm. The initial study

used aluminum arsenide antimonide (AlAsSb) as the barrier material and found using

an arsenic concentration of ∼ 0.15 produced the highest QE possible with a nearly

zero valence band offset. The detector in the study consisted of three layers grown on

an InAs substrate starting with a 3µm thick n-type InAs layer (Nd ∼ 2× 1016cm−3

non-intentionally doped), followed by the 100nm thick AlAsSb barrier layer, and

finished with a n-type InAs top contact layer (Nd ∼ 1 × 1018cm−3, intentionally

doped). The material was fabricated into 100x100µm2 detectors. The initial results

are shown in figure 2.8.
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JSRH � q
ni

�SRH
Wdep, �2�

where ni is intrinsic concentration of the semiconductor, Wdep
is the depletion width �typically in the range of 1 �m�, �SRH
is the SRH lifetime of minority carriers in the extrinsic area,
which depends on the quality of the material �the trap con-
centration�, and is typically in the range of �1 �s in low
doped material ��1016 cm−1�.8 The dependence of SRH
current on ni produces an activation energy of Eg /2 �ni

�exp�−Eg /2kT��, because the source of this generation pro-
cess is through midgap traps. As seen in Fig. 1 the nBn
device operates with the n-type layers in flatband or with
only very little depletion. Like the built-in barrier of a p-n
junction, the heterojunction barrier in the nBn blocks the
flow of majority carriers through the device. Unlike the p-n’s
depletion layer, however, the nBn’s barrier layer does not
produce SRH dark current and noise.

There have been other reports of photodetector designs
that use a barrier that blocks one type of carrier and passes
the other.9 These other approaches differ from the nBn in that
their barriers block minority carriers and pass majority car-
riers �in an effort to inhibit Auger currents�, while the nBn’s
barrier has the reverse characteristics: majority blocking and
minority passing �to inhibit SRH currents�.

A secondary source of dark current in p-n photodiodes is
thermal generation in the neutral regions and diffusion to the
other side of the junction. This current will exist in the nBn
device too, and is its primary thermal noise mechanism. In
the nBn case, it will be the thermal generation of holes in the
absorbing layer that diffuse to the contact layer. This thermal
generation current depends on the Auger or radiative process
and is written as

Jdiff � qpn
1

�diff
L = q

ni
2

Nd

1

�diff
L , �3�

where �diff is the lifetime which in n-type material is in the
range of �0.5 �s �Refs. 5 and 10� for n-type, ��1–2�
�1016 cm−3, depending only slightly on temperature. L is
the width of the neutral region of the device or the diffusion
length of minority carriers, whichever is smaller. In the nBn
device it is in the range of 3 �m, which is the thickness of
the active layer. Nd is the doping concentration, �2
�1016 cm−3. pn is the hole concentration in the active n-type
semiconductor in equilibrium and is equal to ni

2 /Nd.
The activation energy of the diffusion current is Eg �ni

2

�exp�−Eg /kT��, as the process involves band to band exci-
tation. The lifetimes �SRH and �diff are of the same order of
magnitude. Also the two important lengths, L and Wdep, are
comparable. Thus Eqs. �2� and �3� show that a p-n junction
will be limited by SRH as long as ni�ni

2 /Nd or in other
words as long as the neutral region is not fully intrinsic. In
InAs with Nd�1016 cm−3, this condition holds up to T
=300 K and beyond. Thus the nBn is limited by diffusion
current up to 300 K. As explained above the SRH thermal
activation energy is Eg /2 while the diffusion activation en-
ergy is Eg. This factor of 2 is very important; it indicates that
the nBn can operate almost with the same performance as a
p-n photodiode but twice the temperature.

The photocurrent mechanism in the nBn is similar to the
diffusion current mechanism. The only difference is that in

diffusion current the holes are generated thermally while in
photocurrent the holes are generated optically.

Due to the way the device is defined and processed,
surface current is eliminated in the nBn structure, thereby
eliminating the need for passivation. Figure 2 �inset� shows
the nBn device after a standard photolithography process. By
etching the contact layer with a selective etchant that stops at
the barrier, the detector is defined. No other layers are
etched. Gold metal is deposited on the contact layer and on
the substrate. The active layer is covered with the barrier
layer and there is no need for additional surface passivation.
The barrier is the passivation layer itself. This is a major
advantage compared to p-n junctions, as there is no good
passivation known for materials such as InAs or InAsSb,
which is the main reason why it is almost impossible to use
them for focal plane arrays. nBn devices should be much
more suitable for imaging applications.

Measurements of nBn dark currents as a function of tem-
perature are shown in Fig. 2. The measurements were made
in the dark, except for exposure to room temperature back-
ground radiation via a solid angle of 2� steradians. The de-
vice consists of three molecular-beam-epitaxy-grown epitax-
ial layers. First grown is a 3 �m n-type InAs layer with
Nd�2�1016 cm−3 �the unintentionally doped level�. On top
of this layer is a 100 nm barrier layer of AlAsSb. The top
layer, the contact layer, is n-type InAs doped at Nd�1
�1018 cm−3. The growth made on an InAs substrate �or a
GaSb substrate when using InAsSb materials lattice matched
to GaSb�. The detector size is 100�100 �m2. At higher tem-
peratures, the dark current exhibits a thermal activation en-
ergy of 0.439 eV. This activation energy is close to that of
the InAs band gap, which varies from 0.415 to 0.354 eV in
the temperature range of 0–300 K. This demonstrates the
absence of significant SRH current �activation energy
=Eg /2�, as expected from the above discussion.

At temperatures below 230 K, the dark current becomes
smaller than the photocurrent from the room background
�295 K�, i.e., the device is operating in background limited
infrared photodetection �BLIP� conditions. These currents
are measured at a bias of 0.5 V. This BLIP temperature for
the InAs nBn is at least 100 K higher than that of commer-
cial InAs p-n photodiodes.11 This is the highest temperature
for BLIP condition �from room temperature background� re-
ported in any MWIR detector. Another unique feature is that
the nBn is diffusion limited in BLIP condition. InSb and
HgCdTe MWIR photodiodes are limited by SRH when op-
erated in BLIP conditions.6,7 This is one of the reasons for

FIG. 2. Arrhenius plot of the current of an InAs nBn exposed to room
temperature background radiation via 2� steradians. Inset: schematic of an
nBn device after processing.
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Figure 2.8: Current-voltage data as a function of the inverse of temperature for
the InAs based nBn detector from [6]. The inset shows a schematic of the device
structure.

For the high temperature range (230K - 300K) the detector was concluded to be

free of SRH G-R current since the activation energy was 0.439eV which is compa-

rable to the 0.415eV band gap energy of InAs at 0K. At lower temperatures (below

230K), the current is limited by the 300K (room temperature) back ground radia-

tion (Background limited performance or BLIP) which is on the order of 100K higher

than for the traditional p-n InAs detectors. This detector was also investigated for

its ability to prevent surface leakage current by using a shallow etch scheme in a

separate study [81]. The detector was shown to be diffusion limited from room tem-

perature to ∼ 142K in comparison to a p-n InAs detector which was surface limited

for temperatures below 250K.

2.1.3 InAsSb

A variant of the nBn design was introduced with indium arsenide antimonide (InAsSb),

so called XBn or ”bariode”, by Klipstein in 2008 [82]. In this design, it is emphasized
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that the structure need not be symmetric in terms of the bandstructure as illustrated

in figure 2.9 in which the ’X’ layer can be ’n’ or ’p’ type and have a different band

gap energy.

  

 

The higher dark current in InSb is usually suppressed by operating 

the FPA some tens of Kelvin degrees colder than the equivalent 

diffusion limited MCT device. This apparent disadvantage is offset 

by the higher uniformity and significantly lower cost per pixel of 

InSb, making it "the current champion" for large scale staring 

arrays
4
. Now, a new patented "bariode" technology

5,6
 has been 

developed for InAs1-xSbx, which provides a low diffusion limited 

dark current as in MCT, but with many of the advantages of InSb, 

including scalability to large areas at affordable cost. The new 

bariode detector
7
, also known as an XBnn detector

8
, has a cut-off 

wavelength close to 4.2 µm when grown lattice matched to a GaSb 

substrate, and is based on a heterostructure design that can be 

grown with high quality using Molecular Beam Epitaxy (MBE). 

The device contains an n- or p-type contact layer made from  

InAs1-xSbx or GaSb (X), a barrier layer made from n-type  

AlSb1-yAsy (Bn), and an active layer made from n-type  

InAs1-xSbx (n).  

 

In a bariode detector, the bulk G-R current is totally suppressed by 

excluding the depletion electric field from the narrow bandgap 

photon absorbing active layer material. For this reason a bariode is 

sometimes referred to as a "depletion-less" device
5
. Figure 1 

shows a schematic Arrhenius plot comparing the dark current in a 

diode (solid line) and a bariode (dashed line). By suppressing the G-R current, which has about half the activation 

energy (and hence half the slope) of the diffusion current, the operating point moves horizontally, from the open circle 

to the solid circle, along the horizontal dashed arrow. This left-ward shift corresponds to a substantial increase in the 

operating temperature for no increase in dark current. In this way we have achieved XBnn operation at F/3 and 160 K 

with good background limited performance (BLIP), virtually doubling the traditional InSb operating temperature. This 

reduces the required cooling power (P) by more than 50%, and also enables substantial reductions in the size (S) and 

weight (W) of the complete integrated detector cooler assembly (IDCA). Reduced S, W, and P, or "SWaP", is highly 

desirable in volume critical applications, such as hand held imagers or miniature payloads, and also confers faster 

mission readiness, longer mission times and a longer Mean Time to Failure (MTTF) of the cooler and IDCA.  Note that 

in low incident flux applications, XBnn devices also have an advantage because they exhibit a much lower dark current 
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Arrhenius plot of dark current vs. reciprocal 

temperature for a diode and a bariode 

Cp - Bn - n

p - Bn - n n - Bn - n 

Cn - Bn - n

 

Cn - Bp - p

n - Bp - p p - Bp - p 

Cp - Bp - p

 
(a) (b) 

Figure 2 

Conduction and valence band profiles of the bariode detector family: (a)  n-type bariodes (XBnn) and (b)  p-type bariodes (XBpp). 

In each case the contact layer (X) is on the left and infrared radiation is shown arriving at the active layer on the right. Figure 2.9: Variations of the XBn bandstructure with top contacts of the same
(indicated by lower case ’n’ or ’p’) and different sized band gaps (upper case ’C’)
for both n-type and p-type doping (’n’ or ’p’ subscript) for the cases in which the
barrier is electron blocking (a) and hole blocking (b).(from [7])

The publications by Klipstein et. al. [82, 44, 7, 83, 84, 85], though applied

only to MWIR InAsSb based detectors, provide a thorough look at the operation

of an nBn detector and its variations. For instance, it is shown that the tunneling

current for detectors with barriers > 1000Å to be sufficient for blocking tunneling

current. As well as the variation of dominant current mechanisms as a function of

bias. Similar InAsSb detectors with nBn and pBn configurations were made and

tested by Klem et al. [86] to compare device operation. The pBn was shown to

behave similar to a p-n homojunction detector with reduced dark current; the nBn

had dark current further reduced but required external bias for operation. A MWIR

nBnn FPA was fabricated and found to have a NEDT of 20mK at 150K [7]. The

dark current is also shown to agree well with rule 07. Thus the InAsSb nBn or XBn

variations work quite well as a competitor with InSb FPAs without having to be
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cooled to 77K. Indeed they have even come to be commercial products for SCD (Hot

Pelican, https://www.scd.co.il/) and IRC (http://www.ircameras.com/technology/).

However, one drawback is the limitation in cut-off wavelength which is ∼ 4.2µm

where as InSb has a cut-off wavelength of ∼ 5.5µm which extends to the end of the

MWIR atmospheric transmission window. This is where T2SL has an advantage in

being able to tune the desired response wavelength.

2.1.4 MWIR T2SL, LWIR T2SL, and dual color T2SL

The nBn architecture was utilized with MWIR T2SL material in 2007 by Rodreguez

et. al. [87]. The detector structure consisted of a 400nm thick T2SL bottom con-

tact composed of 8 monolayers (MLs) InAs / 8 MLs GaSb (n-type doped, ∼ 1018),

followed by a 3µm thick absorber layer of the same T2SL (non-intentionally doped

n-type, ∼ 1015), followed by a 50nm thick Al0.4Ga0.6Sb barrier layer, and capped by

a 100nm thick top contact layer with the same superlattice and doping of the bottom

contact layer. At room temperature, the results were on the order of 1 A/cm2 for

current density and a peak D* of ∼ 1 × 109 Jones at -0.3V corresponding to a QE

of 0.18. At 77K the dark current density was ∼ 3× 10−3 A/cm2 however the device

was only diffusion limited for temperatures above ∼ 150K.

The nBn design was later applied to a LWIR T2SL design by Khoshakhlagh

et. al. [67]. In the report, the performance of a LWIR T2SL nBn detector was

compared with the performance of a LWIR T2SL p-i-n homojunction detector. Dark

current density was found to be moderately lower in the nBn design with 0.05A/cm2

compared to 0.08A/cm2 with the p-i-n design.
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2.2 pBp

The converse of the nBn detector is the pBp detector. In this design there is a large

offset in the valence band between the absorber and barrier layers with little or no

offset in the conduction band. The first report of such a detector was published by

Nguyen et. al. [8] in which a so called ”pMp” design is implemented that uses the

”M-structure” [9] as the barrier material. A diagram illustrating the pMp detector

is shown in figure 2.10. The ”M-structure” is a superlattice material with repeating

layers of AlSb/GaSb/InAs/GaSb as shown in figure 2.11 [9].

Minority electron unipolar photodetectors based on type II InAs/GaSb/AlSb
superlattices for very long wavelength infrared detection

B.-M. Nguyen, S. Bogdanov, S. Abdollahi Pour, and M. Razeghia�

Department of Electrical Engineering and Computer Science, Center for Quantum Devices,
Northwestern University, Evanston, Illinois 60208, USA

�Received 1 September 2009; accepted 14 October 2009; published online 3 November 2009�

We present a hybrid photodetector design that inherits the advantages of traditional photoconductive
and photovoltaic devices. The structure consists of a barrier layer blocking the transport of majority
holes in a p-type semiconductor, resulting in an electrical transport due to minority carriers with low
current density. By using the M-structure superlattice as a barrier region, the band alignments can
be experimentally controlled, allowing for the efficient extraction of the photosignal with less than
50 mV bias. At 77 K, a 14 �m cutoff detector exhibits a dark current 3.3 mA /cm2, a
photoresponsivity of 1.4 A/W, and the associated shot noise detectivity of 4�1010 Jones. © 2009
American Institute of Physics. �doi:10.1063/1.3258489�

In the field of infrared detection, type II InAs/GaSb/
AlSb superlattices �T2SL� are now considered as a viable
alternative to the conventional mercury cadmium telluride
and indium antimonide bulk structures. The unique distinc-
tion of this material system is the type II band alignment
which enables a great control of electronic band structures
and a flexibility in heterojunction designs. With the invention
of more complex variants such as W-structure,1 M-structure,2

the band gap engineering capability of T2SLs have become
even more flexible, with the full tailorability of both the con-
duction band and the valence band while keeping the lattice
match conditions to ensure high crystallinity of the material.3

In recent years, various designs based on T2SLs have dras-
tically changed the architecture of infrared detectors. Among
them, one can name the double heterostructure, the graded
band gap,4 the p-�-M-n design,5 the complimentary barrier
infrared detector,6 which belong to the photovoltaic family,
and the nBn design,7 which stands on its own as a hybrid
between photoconductors and photodiodes. While the idea of
nBn design was originated with bulk materials, its demon-
stration using T2SL based materials facilitates the experi-
mental realization of the nBn concept with better control of
band edge alignments.8 However, the previously reported
T2SL nBn design still consists of a bulk barrier layer which
does not fully take advantage of an architecture entirely us-
ing the superlattice. As a result, it still experiences a strong
bias dependence in the optical efficiency.8

In this letter, we propose an alternative design that is
solely superlattice based, and uses electrons as the minority
carriers. The device, named pMp, consists of two p-doped
superlattice active regions and a thin valence-band-barrier
using the M-structure superlattice2 which has zero conduc-
tion band discontinuity with respect to the p-type active re-
gions. Figure 1 sketches the schematic diagram and working
principle of the device under a small applied bias. Without
the M-structure barrier, the device is a traditional photocon-
ductor, in which the dark current is due to the transport of
holes, the majority carriers in p-type conductors. With the
presence of the M-structure superlattice, the layer acts as a
potential barrier in the valence band, blocking the holes’

transport. In the conduction band, however, the appropriate
alignment between M-structure and the p-doped material
causes no obstacle to the transport of the minority electrons.
The conductivity of the device is then based on the diffusion
of the minority carriers. To this end, the operation of the
device is similar to that of a photovoltaic detector, and ben-
efits from a very low dark current of diodelike devices. How-
ever, like other minority carrier unipolar devices, the pMp
design benefits from the large potential barrier which is
proven to reduce the generation recombination and the sur-
face leakage.7 Bias selectable two color detection is also an

a�Electronic mail: razeghi@eecs.northwestern.edu.

FIG. 1. �Color online� The band alignment and the creation of effective
band gap in �a�: InAS/GaSb superlattice and �b� M-structure superlattice.
Colored rectangles represent the forbidden band gap of the materials. The
atomic engineering capability enables a perfect alignment in the conduction
bands of the two structures. �c� Schematic diagram and working principle of
the pMp design. The M-barrier blocks the transport of majority holes, while
allowing the diffusion of minority electrons and photogenerated carriers
from the active region on the left.

APPLIED PHYSICS LETTERS 95, 183502 �2009�

0003-6951/2009/95�18�/183502/3/$25.00 © 2009 American Institute of Physics95, 183502-1

Figure 2.10: pMp band structure illustration [8]
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Band edge tunability of M-structure for heterojunction design in Sb based
type II superlattice photodiodes
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We present theoretically and experimentally the effect of the band discontinuity in type II
misaligned InAs /GaSb superlattice heterodiodes. Calculations using the empirical tight binding
method have shown the great flexibility in tuning the energy levels of the band edge in M-structure
superlattice as compared to the standard InAs /GaSb superlattice. Through the experimental
realization of several p-�-M-n photodiodes, the band discontinuity alignment between the standard
binary-binary superlattice and the M-structured superlattice was investigated via optical
characterization. The agreement between the theoretical predictions and the experimental
measurement confirms the capability of controlling the M-structure band edges and suggests a way
to exploit this advantage for the realization of heterostructures containing an M-structured
superlattice without bias dependent operation. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3005196�

Recent work on type II InAs /GaSb superlattice �SL�
�Ref. 1� photodiodes has started to take advantage of the
flexible control of band energies allowing the proposed het-
erodiode designs to achieve improvement of several orders
of magnitude in electrical performance compared to the stan-
dard homodiode design.2–4 However, some of the
approaches2,3 induce a bias dependence on optical spectral
response which forces the devices to operate far from the
zero-bias regime. This unexpected effect appears to be a con-
sequence of an uncontrolled band discontinuity between het-
erojunctions that block the transport of photogenerated car-
riers within the devices. The challenge for better hetero
design is thus to obtain material with greater tunability of
energy band edges and to have greater control of conduction
and valence bands both in theoretical understanding and
experimental realization.

In the standard binary-binary InAs /GaSb SL, the tuning
of the band edge is limited but with the M-structure SL, an
attractive alternative to the binary InAs /GaSb SL, introduced
in Ref. 5; both the valence and conduction bands show a
greater degree of tunability. The reason for this greater tun-
ability is due to the inclusion of the AlSb layer within the
GaSb layer. In Fig. 1, the layer design of a typical M-SL is
shown containing all three members of the 6.1A family in a
periodic sequence of AlSb /GaSb / InAs /GaSb /AlSb with the
colored regions indicating the prohibited band gap of each
material. The potential advantages of the M-structure have
been fully discussed in Ref. 5; in this work, we only concen-
trate on the capability of controlling the conduction and va-
lence energy levels and propose the M-structure SL as a
promising material for heterojunction design in type II SLs.
We will also propose a device architecture that allows for
experimental verification of the band edge tunability of
M-structure SL and for a practical method to determine the
band discontinuity of exotic materials.

For theoretical guidance, we applied the empirical tight
binding model �ETBM� with sps* formalism similar to that
developed in Ref. 6. Hundreds of type II SL designs grown
with molecular beam epitaxy �MBE� have confirmed the ac-
curacy and effectiveness of the model within the tolerance of
growth uncertainty. From the band structure calculation, the
band edge variation range of type II SL and M-structure was
then studied. Figure 2 summarizes the energy minima and
maxima for the conduction and valence bands, respectively,
for both �a� the binary-binary InAs /GaSb SL and �b� the
M-structure SL. Each dot represents a SL configuration with
a precise conduction or valence levels �y-axis� and a fixed
lattice mismatch to the GaSb substrate �x-axis�. The tensile
strain versus the GaSb substrate was limited to −3000 ppm
and the compressive strain was limited to 4000 ppm because
beyond these thresholds, growth defects and dislocations due
to surface relaxation will appear and increase the surface
roughness as well as destroy the performance of the material.
Figure 2 clearly shows that the inclusion of the AlSb layer
allows for a greater number of realizable SL configurations,
as well as a wider range of conduction and valence band
positions in comparison to the designs without the AlSb. This

a�Electronic mail: razeghi@eecs.northwestern.edu.

FIG. 1. �Color online� Schematic of the M-structure. The inserted AlSb
layer forms a barrier for electrons in the conduction band and a double
quantum well for holes in the valence band.
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Figure 2.11: ”M” structure illustration [9]

The pBp or pMp design has the advantage over nBn of utilizing electrons as

the minority carrier which have a significantly higher mobility than holes in T2SL;

approximately two orders of magnitude [88]. Plus with the pMp design the barrier

is composed of a superlattice material which should provide further versatility in the

band structure design as compared to the nBn initialy created with T2SL material

which used AlGaSb as the barrier material. The pMp detector in this study is a

VLWIR detector with a cut-off wavelength of approximately 14µm. It resulted in

a responsivity of 1.4A/W, dark current density of 3.3mA/cm2, and detectivity of

4×1010 jones at an operating temperature of 77K and bias of 50mV. The design was

later adapted for the MWIR in which the contact doping layer was studied [89]. It

achieved a 4.9µm cut-off with a dark current density 2× 10−5A/cm2, a QE of 0.44,

and a D* of 6.2×1011cmHz1/2/W (Jones) at 150K and 50mV. The optimal structure

was determined to be one with the barrier side contact undoped (n.i.d. lightly p-

type). A highly p-type doped contact was found to lead to excessive accumulation

of carriers at the barrier junction and consequently increase dark current.

A pBp design was also used to create a dual color detector [90]. The operating
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principle being similar to that of the dual color nBn detector. The design incorpo-

rated a MWIR absorber with a 5 5µm cut-off wavelength and a LWIR absorber with

a 9µm cut-off. At 77K the MW response had an estimated D* and QE of 5 × 1011

Jones and 0.39, respectively, with an applied bias of +0.1V . The LWIR response had

an estimated D* and QE of 2.6× 1010 Jones and 0.17, respectively, with an applied

bias of −0.4V . Aside from being dual color, this pBp design differed from the pMp

design also in the barrier material which consisted of a InAs/AlSb superlattice as

opposed to the M-structure.

2.3 Complementary Barrier Designs: pBiBn and

CBIRD

The CBIRD and pBiBn designs have been developed with success in LWIR T2SL

detectors. Both designs use complementary barrier technology. The pBiBn design,

developed by Gautam et. al. [71, 10] at the University of New Mexico, consists of a

n-type T2SL bottom contact followed by a n.i.d. InAs/AlSb T2SL which creates a

barrier in the valence band. Next is a lightly p-type doped T2SL absorber followed

a GaSb/AlSb superlattice that serves as a barrier in the conduction band. The

structure is then capped with a p-type T2SL top contact. The structure resembles

a p-i-n structure but with an electron barrier separating the ’p’ and ’i’ layer, and

a hole barrier separating the ’i’ and ’n’ layer. An example of the bandstructure is

shown in figure 2.12.
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Fig. 2. Comparison of pBiBn Design 1 and PIN device’s. (a) Spectral
response at 77 K. (b) Dark current density at various temperatures.

have been undertaken using a longwave bandpass filter
(8.4–11.5 μm). The spectrum of pBiBn device is different
from the PIN spectrum due to photogeneration of carriers in
regions apart from absorber region and also the unoptimized
barrier layers which can block or trap photogenerated carriers
at their interfaces with different regions before they can be
collected at the appropriate contacts. Fig. 2(b) compares
the dark current density of the PIN and pBiBn (Design 1)
devices at different temperatures. At −250 mV of applied
bias, the dark current density of the PIN and pBiBn detectors
are 169.8 mA/cm2 and 1.2 mA/cm2, respectively. This
shows an improvement by a factor of 140. The responsivity
measurements were carried out at different temperatures using
a calibrated black-body source at 900 K. At 77 K, Design 1
showed a responsivity value of 1.8 A/W (QE = 23%)
at −0.25 V, and λ = 9.7 μm. A peak shot noise limited
detectivity (D∗), calculated using dark current, of 8.7 × 1010

and 2.2 × 1010 cm Hz1/2 W−1 was measured for the pBiBn
and PIN designs, respectively, which indicates that the pBiBn
design improves detectivity by a factor of four over the
PIN design. The increase in D∗ is not as significant as the
decrease in dark current density for Design 1. This is due
to the reduction in the photocurrent in the pBiBn design as
compared to the PIN device, due to unoptimized barrier layers.

Although Design 1 showed significant improvement over
the PIN design, the operating bias was large (250 mV)
Optimization of the barriers and doping in the absorber region
were undertaken to improve the performance further. In the
next generation pBiBn detector, the EB and HB layers were
designed such that the VBO and CBO with respect to the
absorber region, respectively, were minimized. Also, the EB
and HB layers were designed with wider bandgap superlattices
which helped in designing the contact layers with wider
bandgap material as well, and hence reducing the thermionic
generation in contact layers. In addition, the absorber LWIR
T2SL was lightly doped with Be, as it has been shown
that electrons, which are minority carriers in p-doped T2SL,
have favorable transport than holes [24]. The schematic of
the second generation pBiBn Design 2 has been shown in
Fig. 3(a). The absorber is made of 14ML InAs/7ML GaSb
LWIR T2SL doped p- with Be to a 1 × 1016 cm−3 dopant
density, while in Design 1 the absorber region was non-
intentionally-doped. The EB layer has been designed with a
strained GaSb/AlSb superlattice with a bandgap of 1.19 eV,
while all the layers inclusing EB layer in Design 1 were made
of InAs/GaSb T2SL. This barrier layer facilitates an increase
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Fig. 3. (a) Structure schematic of pBiBn Design 2. (b) Calculated equivalent
energy band diagram of Design 2 at 77 K.

in the bandgap of the P+ contact layer to 0.424 eV, such that
the CBO between EB layer and the contact layer is sufficient
to block diffusion of minority carriers from the contact into
the absorber region. A similar design consideration was used
for the HB and N+ contact layers which are made of 16ML
InAs/4ML AlSb T2SL and 9ML InAs/4ML GaSb T2SL with
bandgap of 0.518 and 0.295 eV, respectively. The equilibrium
heterojunction bandstructure has been shown in Fig. 3(b).

Single pixel detectors were fabricated and the side walls
were encapsulated with Silicon dioxide (SiO2) to reduce
surface leakage currents. The photocurrent (spectral response)
measurements have been shown in Fig. 4(a), from 77 K
through 200 K at an operating bias of −100 mV. A λc of 10
and 11.7 μm has been observed at 77 and 200 K, respectively.
Fig. 4(b) shows the dark current density as a function of
bias for temperatures ranging from 60 to 176 K. A dark
current density of 1.42 × 10−5 A/cm2 has been measured at
76 K and −60 mV of applied bias. The inset of Fig. 4(b)
shows the Arrhenius plot of dark current density against the
inverse of temperature, which has been extracted by assuming
that dark current density varies with temperature such that
Jd ∝ e−Ea/kT . Here Ea , k and T represent activation energy,
Boltzmann’s constant and temperature, respectively. It shows
that in the low temperature range, below 90 K, the activation
energy is close to 8 meV while at higher temperatures, it
is close to the bandgap of the absorber. This suggests that
the dark current is limited by the diffusion process above
80 K and by tunneling or surface current mechanism for lower
temperatures. This indicates that the barrier layers are effective
in reducing the electric field drop across the absorber region,
and hence the performance of this device is not limited by
the SRH process, which usually results in midgap activation
energies. It is to be noted that a 2 cm × 3 cm piece was
fabricated for single pixel device testing. A number of devices
were measured on the processed piece. The results reported in
the paper are the ones measured on the best device. Authors
noticed variation from one device to another with maximum
variation by a factor of 10. The reason for this device to device
non-uniformity is not clear and it is hard to comment if it

Figure 2.12: pBiBn band structure [10]

The CBIRD (complementary barrier infrared detector), developled by Ting et. al.

[11, 91] at the NASA Jet Propulsion Lab (JPL) consists of a n-type InAsSb bottom

contact followed by a wide band gap superlattice electron barrier, p-type narrow

band gap absorber layer, capped by a wide band gap n-type top contact layer that

also serves as a hole barrier. An uncommon characteristic of the CBIRD design is

the tunnel junction that is used for the bottom contact between the electron barrier

and n-type InAsSb layer. The bandstructure of the CBIRD is shown in figure 2.13.
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A high-performance long wavelength superlattice complementary barrier
infrared detector

David Z.-Y. Ting,a� Cory J. Hill, Alexander Soibel, Sam A. Keo, Jason M. Mumolo,
Jean Nguyen, and Sarath D. Gunapala
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA
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We describe a long wavelength infrared detector where an InAs/GaSb superlattice absorber is
surrounded by a pair of electron-blocking and hole-blocking unipolar barriers. A 9.9 �m cutoff
device without antireflection coating based on this complementary barrier infrared detector design
exhibits a responsivity of 1.5 A/W and a dark current density of 0.99�10−5 A /cm2 at 77 K under
0.2 V bias. The detector reaches 300 K background limited infrared photodetection �BLIP� operation
at 87 K, with a black-body BLIP D� value of 1.1�1011 cm Hz1/2 /W for f /2 optics under 0.2 V
bias. © 2009 American Institute of Physics. �DOI: 10.1063/1.3177333�

The broken-gap InAs/GaSb superlattice �SL� �Refs. 1
and 2� and the InAs/GaInSb strained layer superlattice �SLS�
�Ref. 3� are of considerable current interest in the develop-
ment of midwave infrared and long-wave infrared detectors.
The antimonide-based SL and SLS offer potential advantages
for the realization of high-performance large-format infrared
focal plane arrays �FPAs� due to their band gap tunability,
uniformity, and the prospect for suppressing the dark
current associated with interband tunneling3 and Auger
recombination4,5 processes. Research in this area has seen
rapid progress in recent years, with photodetector and FPA
results reported by many groups.6–12 The nearly lattice-
matched 6.1 Å materials, which include InAs, GaSb, AlSb,
and their alloys, offer distinct advantages. First, they can be
epitaxially grown on GaSb or InAs substrates. Second, the
availability of type-I nested, type-II staggered, and type-II
broken-gap �type-III� band offsets between the GaSb/AlSb,
InAs/AlSb, and InAs/GaSb material pairs, respectively, pro-
vides considerable flexibility in forming a variety of alloys
and superlattices. They have already been used to build com-
plex supercell superlattices such as the W-structure9 and the
M-structure,6 as well as graded-gap structures9 for infrared
detector applications. Finally, they facilitate the construction
of “unipolar” barrier structures, which can block one carrier
type �electron or hole� but allow the unimpeded flow of the
other. A unipolar barrier can be used to inhibit the flow of
majority carrier dark current in photoconductors13 to reduce
diffusion dark current,14,15 and to suppress the dark current
associated with Shockley–Read–Hall processes in the deple-
tion region.16

In general, building unipolar barriers for the desired in-
frared absorber material is not trivial, as both the absorber
and barrier materials require �near� lattice matching to an
available substrate and the proper band offsets must exist
between the absorber and the barrier. However, the flexibility
of the 6.1 Å material system simplifies this task greatly. Uni-
polar barriers can be used to implement the barrier infrared
detector �BIRD� architecture for increasing the collection ef-
ficiency of photogenerated carriers, and reducing dark cur-
rent generation without impeding photocurrent flow. Ex-
amples of the broken-gap superlattice based BIRDs are the

SL double heterostructure6,9 and the SL nBn detector.8 In this
work, we demonstrate a 9.9 �m cutoff superlattice infrared
detector where a BIRD design is used for dark current sup-
pression, obtaining a responsivity of 1.5 A/W and a dark
current density of 0.99�10−5 A /cm2 at 77 K under 0.2 V
bias.

Figure 1 shows the energy band diagram of a superlattice
detector structure containing an electron-blocking unipolar
barrier as well as a hole-blocking unipolar barrier. This
complementary barrier infrared detector �CBIRD� design
consists of a 600-period �44 Å, 21 Å�-InAs/GaSb absorber
SL sandwiched between an 80-period �46 Å, 12 Å�-InAs/
AlSb hole-barrier �hB� SL on the left and a 60-period �22 Å,
21 Å�-InAs/GaSb electron-barrier �eB� SL on the right. The
hB SL and the eB SL are, respectively, designed to have
approximately zero conduction and valence subband offset
with respect to the absorber SL. The hB SL, absorber SL,
and eB SL are nominally doped at n=1�1016 cm−3, p=1
�1016 cm−3, and p=1�1016 cm−3, respectively. An n=1
�1018 cm−3 InAs0.91Sb0.09 adjacent to the eB SL acts as the
bottom contact layer, and the hB SL serves as the top contact
layer. With a top-positive applied bias, the voltage drop pri-
marily over the eB SL/bottom contact junction away from

a�Electronic mail: david.z.ting@jpl.nasa.gov.

FIG. 1. �Color online� The energy band diagram of the complementary
barrier infrared detector structure, showing the conduction and valence
�heavy hole 1� band edges and the Fermi level under zero bias.
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Figure 2.13: CBIRD band structure [11]

2.4 Additional III-V Superlattice Systems

Additional variants of the T2SL exist that offer improved properties in photon ab-

sorption, and band gap versatility. The W-structure, which consists of alternating

layers of InAs/GaInSb/InAs/AlGaInSb, improves collection efficiency by increas-

ing the minority-carrier mobility [92]. The previously discussed M-structure, which

consists of alternating layers of AlSb/GaSb/InAs/GaSb, provides a larger degree of

bandstructure variation, as compared the InAs/GaSb superlattice, for enabling the

realization of complex heterostructure designs [9]. Also, there is also the N-structure,

which consists of alternating layers of AlSb/GaSb/InAs, that improves photon ab-

sorption by manipulating the overlap of the electron and hole wavefunctions [93]. One

final T2SL variation that has gained attention in the past few years is the gallium-

free or InAs/InAsSb superlattice [73, 65, 94, 95] for its significantly longer carrier

lifetime compared to the more traditional InAs/GaSb superlattice. LWIR material
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have been reported with lifetimes up to 412ns [73] and MWIR material have had

lifetimes up to 9µs [95]. In comparison the traditional InAs/GaSb superlattice has

lifetimes on the order of 100ns for MW and 30ns for LWIR [96]. However, early

detector results have either had low QE [94] for LWIR or high dark current [65] for

MWIR.

2.5 Summary

Heterostructure detectors have been shown to be quite useful in improving detector

performance characteristics by decreasing dark current and thus increasing the SNR.

A wide variety of designs have been developed and refined that incorporate single

barriers and double barriers. These designs have been utilized in several different ma-

terial systems ranging from II-VI materials like HgCdTe to III-V materials like InAs

and InAsSb. However T2SL materials are much more versatile in band engineering

and thus lend themselves to such designs more readily. Along with multi-color de-

sign capabilities for SWIR, MWIR and LWIR. Indeed implementing heterostructure

architectures with the T2SL system has proven to make it closely competitive with

HgCdTe based detectors. However, design constraints do exist such as the proper

alignment of the bandstructure between the absorber and barrier layers. Also some

properties such as photoconductive gain are not well understood.
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Materials and Methods

The studies conducted within this dissertation utilized research tools available at

the Center for High Technology Materials at the University of New Mexico, Albu-

querque, New Mexico, unless otherwise stated. The studies include work with sim-

ulations, material crystal growth, material characterization, device fabrication, and

device characterization. Simulations were used for device design and/or device oper-

ation analysis, in particular the Synopsis Sentaurus TCAD simulation environment

as well as custom software developed in Matlab, were utilized. Device structures were

created using Molecular Beam Epitaxy (MBE). Following device structure growth,

samples were characterized for crystalline quality with X-ray Diffraction (XRD), op-

tical characteristics using photoluminescence (PL) and Fourier Transform Infrared

(FTIR) spectroscopy, and electrical transport characteristics using room temperature

Hall measurements. The material was then fabricated into single pixel detectors as

well as focal plane arrays in a cleanroom environment using standard III-V semicon-

ductor processing techniques. Fabricated detectors were then tested to determine

their spectral response, dark current and photocurrent behavior, responsivity, and

detectivity. Detailed fabrication and detector characterization steps and notes are

outlined in the appendix.
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3.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy, or MBE, is a very well controlled form of crystal growth in

which individual layers, or monolayers, of atoms can be grown with great precision.

This technique of crystal growth has allowed research in III-V superlattices to make

great strides in the past few decades. Indeed, the control the atom deposition is so

precise, researchers even report studies on structures incorporating sub-monolayers

of atoms. The practical and philosophical implications of which continue stir up

interesting debates. A diagram illustrating a MBE system is shown in figure 3.1.
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Figure 3.1: Molecular Beam Epitaxy system diagram.

An MBE system is an ultrahigh vacuum material growth chamber that utilizes

elemental material sources that are heated to evaporate the component materials and

deposit them in crystalline form on the target substrate. The high vacuum creates

an extremely large mean-free-path for the source atoms to freely travel to the target

without interaction with other atoms. The elemental sources are housed in effusion
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cells that control the heating and evaporation of the material. The target stage,

where a substrate is held during crystal growth, is positioned such that it is facing

the source materials but placed some distance away from them to ensure uniform

crystal growth over the whole substrate. The target stage also rotates during the

growth period to further help with uniformity. Externally controlled shutters are

positioned over the opening of the source material cells to control what material

is grown and allow for structures with different material layers to be created. The

development and refinement of MBE technology is what has allowed III-V based

superlattice materials to become a practical material system.

3.2 Material Characterization

Following the growth of the samples, but before device fabrication, tests are con-

ducted to determine the crystalline, optical quality, and transport properties of the

material. X-ray diffraction (XRD) was measured in a Philips double-crystal X-ray

diffractometer using the Cu Kα1 line, which has a wavelength of 0.154056 nm. Infor-

mation gathered from XRD measurements include lattice mismatch, interface rough-

ness, and the superlattice period spacing. Each XRD spectrum has a peak for the

substrate, in our case the GaSb, and a main or zeroth order peak for the superlattice.

The amount by which the peak locations differ indicate the lattice mismatch and in-

cidentally strain in the structure. The breadth of the main peak is an indicator

of the roughness of the interfaces between each layer and thus the Full-Width-at-

Half-Maximum (FWHM) is often quoted when describing the crystalline quality of a

superlattice. Also, the XRD pattern for a superlattice sample includes several satel-

lite peaks due to the numerous repeating period layers. The spacing between these

peaks indicate the period spacing of the different layers which is useful to confirm

growth conditions and layer thicknesses.
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Common optical tests conducted on the sample material prior to device fabri-

cation include photo-luminescence (PL) and transmission/absorption. PL measure-

ments are conducted utilizing a laser with a wavelength corresponding to an energy

greater than the bandgap of the material being tested, optics and optical mounts for

aligning the laser to the sample, optics for collecting the photon flux given off by the

sample, a monochrometer for resolving the spectral features of the photon flux, a

infrared detector, and a cryostat. An example of such a setup is shown in figure 3.2.

Samples are mounted on a stage, which can be within a cryostat if desired, and the

laser is turned on. The laser light on the sample excites electrons from the valence

band to the conduction. After some time, the excited carriers decay and give off a

photon as they drop across the band gap. The wavelength of the photon corresponds

to the energy of the bandgap. This measurement is routinely conducted on freshly

grown material to determine if the material is optically working properly and if the

band-gap is as expected.

Figure 3.2: Photo-luminescence setup schematic.

Transmission measurements are also conducted to test the material optical prop-

erties. The measurement is conducted utilizing a FTIR and a cryostat. The FTIR

consists of an IR source, an interferometer, IR broad band IR detector, and optics

for directing the source path. A diagram of the setup is shown in figure 3.3. The
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measurement is conducted by first taking a background spectrum which can be either

of just atmospheric conditions, or with a substrate that is the same as the one the

material being tested is grown on. then a spectrum is collected of the actual sample

and normalized with respect to the background spectrum. This measurement tests

the optical quality of the material; more specifically, it can be used to measure the

cut-off wavelength as well as the absorption quantum efficiency of the material.

Figure 3.3: Infrared transmission setup schematic.

3.3 Device Fabrication

Following crystal growth of the device structures and material characterization, the

samples are processed into functional detectors and mounted onto chip carriers. The

material can either be fabricated for single pixel test structures or for FPA chips to

be mounted on a read out integrated circuit (ROIC) for image testing. For single

pixel fabrication, devices are made that include a variety of test structures including

transfer line method (TLM) structures, single pixels with varying sizes, and single

pixels with varying optical apertures but constant pixel size. Fabricated samples will
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have multiple die that include each of these test structures. for FPA fabrication, each

die or chip has one 320x256 FPA. There are several variables for changes within the

fabrication procedure but the process can be broadly divided into the three following

steps: pixel or mesa definition, surface passivation and metal contact deposition.

The following figure outlines the general fabrication procedure in a little more detail.

This section will describe these different steps and discuss the challenges, techniques

and previous research associated with them.

Figure 3.4: Abbreviated single pixel fabrication procedure.

3.3.1 Pixel Definition

Defining the pixel or mesa (Spanish for table) as it is commonly referred to as,

generally requires etching away the material surrounding the area of interest to a

depth corresponding to the bottom contact layer. To complete this requires first
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to pattern the surface with a masking layer to protect areas of interest such as the

pixels. Numerous techniques exist for doing this including deposition of a metal, a

dielectric, or using photoresist (PR). For all the research conducted here, PR was

used as the masking layer. The actual etching process can be done by either dry

etching in a plasma chamber or by wet etching with acidic and basic solutions. Dry

etching techniques can be divided into reactive ion etching (RIE), inductively coupled

plasma (ICP), and electron cyclotron resonance (ECR). All of these techniques utilize

a high vacuum chamber with at least one of the following gases: chlorine (Cl), boron

trichloride (BCl3), argon (Ar), nitrogen (N), helium (He), and oxygen (O2).

RIE consists of a chamber with an electrical field placed across electrodes at the

top and bottom of the chamber. The sample or target is located at the bottom

electrode and has a strong radio frequency (RF) signal applied to it. The RF signal

strips electrons from the gas molecules creating a charged cloud of ions or plasma.

This plasma is then directed by the electric field to strike the sample target and etch

away exposed material. The etching process is two fold having both a chemically

reactive effect due to the highly reactive ion, as well as a mechanical effect from the

impact of the charged particle on the target.

ICP is generally used in conjunction with RIE but has the added benefit of creat-

ing a higher density plasma which can create good etch profiles with less potential for

damage during the etch process. ICP works by applying an electromagnetic signal

through a coil of wire wrapped around the chamber that turns the gas molecules in

the chamber into a plasma instead of relying solely on the RF signal applied to the

target electrode.

ECR is also generally used in conjunction with RIE and produces an etch process

very similar to RIE-ICP. The system, however, produces a high density plasma by

using the principle that an electron when exposed to a uniform and static magnetic

field will have circular motion due to the Lorentz force. Once again, a high density
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plasma can be produced more efficiently, with less energetic ions required and thereby

reducing the potential of unwanted damage during the etch process.

Pixels can also be etched using wet chemical etching. Typical recipes include

phosphoric acid (H3PO4) or hydrochloric acid (HCl) based solutions. More details

of the chemical solutions and recipes are given in appendix A. Chemical etching has

the benefit of not requiring expensive and complicated vacuum systems and also do

not damage the surface sidewalls of the detectors. However, they tend to be much

less uniform than dry etching techniques.

3.3.2 Surface Passivation

Most detector fabrication procedures include some form of surface passivation or

encapsulation. The word passivation is generally used to describe a coating on a

material that not only protects the material but also has some chemical effect on

the material surface to reduce or remove unwanted qualities like surface leakage

current. The word encapsulation is also included to describe a coating that merely

protects the material but is chemically inert. The primary reason passivation is

required is that one of the biggest obstacles T2SL technology is surface leakage

current. This current is thought to be due to surface defect states created during

the pixel definition etching process which results in dangling bonds from mechanical

damage induced by the plasma. This is one of the advantages wet etching has over

dry etching. Other ideas include oxidation of the material surface upon exposure

to ambient atmosphere that contribute to unwanted surface states as well. These

defect states create electrical traps and thus an easy path for current to flow. Thus

a good passivation material will protect against oxidation and resolve traps resulting

from dangling chemical bonds. Research in passivation/encapsulation layers include

silicon dioxide (SiO2), silicon nitride (Si3N4), sulfide based materials, and polymer
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materials such as polyimide and SU-8 photoresist [97, 70].

Dielectric passivation using SiO2 or Si3N4 can be achieved by different methods

with plasma enhanced chemical vapor deposition (PECVD) being one of the more

common techniques. PECVD is better over regular chemical vapor deposition (CVD)

techniques (which require temperature on the order of 1000°C) because of the lower

temperatures ( 100°C - 300°C) required which would otherwise damage or destroy

the detector material. The dielectric quality can further be increased by using a

high density plasma system such as an ICP-PECVD (similar to the system used

for etching). Another possible technique deposits the dieletric material by electron-

beam evaporation. SiO2 passivation for VLWIR T2SL detectors has been found

to increase surface resistivity by a factor of 5 and more than double R0A [98]. In

another study, it was shown to decrease dark current density by a factor 6 [70] for

LWIR TSL detectors. In that same study, Si3N4 was only shown to decrease dark

current density by a factor 2.5.

Sulfide based passivation has had great success with various investigations and

has been utilized in different techniques including zinc sulfide (ZnS) overgrowth,

ammonium sulfide treatment (NH4S), and electro-chemical passivation (ECP). for a

LW T2SL PIN detector structure Plis et. al. [70] showed a decrease in dark current

density by a factor of 25 for NH4S and 200 for ECP. However, the ZnS passivation

only reduced dark current by a factor of 3. Gin et. al. [99] obtained over 2 orders of

magnitude decrease in dark current density for a LWIR PIN T2SL. However, sulfur

based passivation has been shown to damage T2SL based detectors [100].

Polymer passivation recipes have also been studied which offer the advantage

of being able to be easily integrated in the detector fabrication procedure. Initial

results have been favorable for work with MWIR and LWIR T2SL detectors passi-

vated or encapsulated with SU-8 [101, 69], a negative tone photoresist available from

Micro-ChemTM . A promising reduction in dark current density was also observed
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for polyimide passivation [102].

Most of the detectors fabricated for study in this dissertation were passivated

with SU-8 or SiO2. Specific details will be given for the different studies described

in later chapters.

3.3.3 Metal Contact Deposition

Ohmic electrical contacts are necessary to ensure correct device behavior and not im-

pede the flow of photogenerated current. An ohmic contact is defined as a junction

that is not rectifying and has linear current-voltage characteristics. non-ohmic con-

tacts are required for some detector designs but for all the devices in this dissertation

ohmic contacts were used. Ohmic contacts are created by different techniques includ-

ing choosing a contact metal that has a work function that will not form a barrier for

current, place a narrow band gap semiconductor material between the contact metal

and device, or heavily dope the contact layer such that tunneling assisted carrier flow

between the contact layer and metal takes place. The later technique has been the

simplest and most successful technique for our devices.

Electrical contacts are created by depositing metal on the highly doped contact

layers. Prior to deposition, samples are patterned with PR to mask the areas of the

sample that do not need metal contacts. Deposition takes place by loading the sample

inverted inside a vacuum chamber which is evacuated to pressures on the order of

10−7 Torr. Target metal sources that are facing up towards the detector sample are

heated by a spatially oscillating electron beam to the point of evaporation. The

deposition rate is monitored and is controlled by tuning the electron beam current

flow.

A typical metal contact recipe used for highly doped narrow band gap T2SL

material consists of a layer of titanium to make strong mechanical adhesion and
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electrical contact, a layer of platinum to serve as a diffusion barrier to block the

dissemination of the top metal atoms into the device, and a thick layer of gold to

serve as the top metal to make electrical contact with external components.

Following metal deposition, a process known as ”lift-off” is performed which con-

sists of rinsing/soaking the metal covered sample in acetone so that the PR can be

dissolved and metal will ”lift-off” where the PR was and remain only in the desired

locations. If a polymer based passivation technique, such as SU-8 described in the

previous section, is not being used then the detector sample is completed and may

be mounted for testing.

To test the samples, individual dies (chips with complete test structure sets) are

cleaved and mounted on an LCC chip carrier with a thermally conductive epoxy. An

example sample is shown in figure 3.5.

Figure 3.5: Single pixel test detector mounted and wire bonded inside a 68 pin LCC
socket.

The LCC chip carrier used for the single pixel test structures have 68 pins and

the LCC chip carriers used for FPA testing have 100 pins. Contacts on the samples

are then wire bonded to the chip carrier and are now ready for testing.
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3.4 Detector Characterization

Single pixel devices may be tested for contact resistance, dark current, photocurrent,

surface leakage effects, spectral response, responsivity, and noise. For most of the

these tests the devices are cooled by either a Janis-ResearchTM cryostat with a

closed cycle helium cryo-pump or a Janis-ResearchTM liquid nitrogen cooled pour

filled cryostat. The tests for the contact resistance and for surface leakage effects

are conducted using a Janis-ResearchTM liquid nitrogen cooled flow-through probe

station.

3.4.1 Current-Voltage Characteristics

Current-Voltage (I-V) characteristics are measured using either a HP 4145B semi-

conductor parameter analyzer or a Keithley 236 source measure unit (SMU). For a

p-n junction type devices, the N-side contact is grounded and the P-side contact is

connected to the variable bias probe. Most of the detectors discussed within this

dissertation are heterostructure devices based on the nBn or pBp configuration and

do not follow the reverse bias/forward bias convention of a regular diode. As such,

the orientation of the applied bias will be described for each case. Figure 3.6 shows

a schematic of the I-V setup.
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Figure 3.6: Current-Voltage setup schematic.

Contact Resistance

The contact resistance describes how good the ohmic contact is. It is determined

by using the TLM patterns created in each test die during fabrication. The test

structure consists of multiple contacts with varying separation distances on the same

contact layer. An illustration is given in figure 3.7.
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Figure 3.7: Transmission Line Method (TLM) metal contact with variable spacing
for testing contact resistance.

The white background represents the semiconductor contact layer and the black

patterns represent the metal contacts. These patterns are made on both the top

and bottom contact layer. The distance between each contact varies slightly from

one to the next. In our case the distance between the closest two is 10µm and the

separation between each pair increases by 10µm with the largest separation being

70µm. Current-voltages data is measured for each adjacent pair. If the I-V curve

is linear then the contact is ohmic, however, if the curve is non-linear then some

barrier exist between the metal contact and the semiconductor contact layer such

as a Schottky barrier. For the linear curve case, the resistivity of the material can

then be determined by taking the slope of the I-V curve for each contact pairs and

plotting it against the separation distance for each pair. The material resistivity is

then the slope of that curve. In mathematical terms, Resistivity = d(dV /dI)
dx

. The

resistivity determines the channel resistance, the resistance of the material between

the contact pads. The y-intercept on the plot is then the contact resistance.

58



Chapter 3. Materials and Methods

Dark Current

Dark current is a very important parameter to measure because it tends to be the

limiting factor in a detector’s performance. That is one of the reasons it is used in

Rule 07 for estimating the performance of an MCT detector. Several mechanisms ex-

ist that contribute to dark current including processes from the bulk material as well

as from surface states. This section will describe how dark current is measured and

how the measurement can be varied for determining which dark current mechanisms

are present.

Bulk material effects refer mechanisms due to material properties not dependent

on the device processing. Some common mechanisms include Shockly-Read-Hall

(SRH) generation-recombination (G-R) current, band-to-band (BTB) tunneling cur-

rent, trap-assisted-tunneling (TAT) current, Auger recombination current and diffu-

sion current. One technique for determining the dominant dark current mechanism

is to measure dark current at several temperatures and then plot the data for some

bias using an Arrhenius style plot in which the current is plotted on a logarithmic

scale versus the inverse of temperature; specifically, 1/kT , in which the slope of the

line is in terms of energy. Mathematically the relation is J = J0×e−EA/kT . The slope

of the curve on the Arrhenius scale is then the activation energy which can provide

clues about which current mechanism is dominating. For instance, if the activation

energy is equivalent to the bandgap energy, the detector is diffusion limited. If it

is on the order of one half of the bandgap, G-R current is most likely the domi-

nant mechanism. Activation energies on the order of 10% or less than the band gap

tend to be limited by tunneling current or surface leakage. Figure 3.8 graphically

illustrates the mechanisms for SRH G-R, BTB, and TAT currents.
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Figure 3.8: Illustrations of SRH generation-recombination current, band to band
tunneling current, and trap assisted tunneling current in a narrow band gap p-i-n
diode.

More detailed expressions for different current mechanisms are given in the fol-

lowing expresions; the first shown is for diffusion current, Jdiff . Diffusion current

is the process by which carriers move due to carrier concentration gradients across

the device. Detectors are generally designed to have this as the limiting current

mechanism. The expression of diffusion is shown in equation 6.2 from ref. [103].

Jdiff = n2
i (T )

√
qkBT

(
1

NA

√
µe
τe

+
1

ND

√
µh
τh

)
(exp

(
qV

kBT

)
− 1) (3.1)

Where ni(T ) is the intrinsic carrier concentration, q is the electronic charge, T is

temperature (K), kB is Boltzmann’s constant, NA and ND are the acceptor and

donor doping concentration, µe and τe are the electron mobility and lifetime, µh and

τh are the hole mobility and lifetime, and V is the externally applied bias.

SRH G-R current is a mechanism by which carriers (electrons and hole) recombine

or are generated with the assistance of an energy state or trap place nearby the middle
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of the semiconductor band gap. Thus, thermalized carriers have a higher probability

of recombining if such a mid-gap trap energy level exists. These traps exist due to

random defects within the semiconductor material. This mechanism is one of the

biggest limiting factors in the performance of T2SL based detectors. The expressions

for SRH current is shown in equations 3.2, 3.3 from ref. [104].

JSRH =
qniW

τSRH

2kBT

q(Vbi− V )
sinh

(
qV

2kBT

)
f(b) (3.2)

f(b) =

∞∫
0

1

u2 + 2bu+ 1
du, b = exp

(
− qV

2kBT

)
cosh

(
Et − Ei
kT

)
(3.3)

Where W is the depletion width, τSRH is the G-R lifetime, Vbi is the built-in potential,

Ei is the intrinsic Fermi energy level, and Et is the trap energy level.

BTB tunneling current is the current induced by carriers tunneling across the

junction due to the applied bias and built-in potential of the depletion region. For

T2SL based detectors this current process is reduced, as compared to HgCdTe based

detectors, due to a large electron effective mass. The expression is given in equation

3.4 from ref. [103].

JBTB =
q3F (V )V

4π2h̄2

√
2mT

Eg
exp

(
−

4
√

2mTE3
g

3qh̄F (V )

)
(3.4)

Where mT is the reduced tunneling effective mass, Eg is the bandgap, and F(V)

is the electric field as a function of voltage. TAT tunneling current is a similar

mechanism but is helped by trap energy levels within the band gap similar to SRH

G-R current. The expression for which is given in equation 3.5 from ref. [103].
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JTAT =
q2mTVM

2Nt

8πh̄3(Eg − Et)
exp

(
−

4
√

2mT (Eg − Et)3
3qh̄F (V )

)
(3.5)

Where M is the transition matrix element associated with the trap and Nt is the

trap density .

Surface leakage current results from imperfections on the detector sidewall which

result in surface energy states that provide paths for current to flow. This mechanism

of dark current can be especially detrimental to devices with small areas such as high

density FPAs in which the perimeter to area ratio is quite high. To measure the effect

of surface leakage current pixels with varying areas are fabricated and tested in an

I-V setup. Devices with small areas (diameter or side length < 100µm) are often

difficult to wire bond and if a test structure design did not include an extended

enlarged pad for wire bonding, the detector requires a probe station for testing.

Figure 3.9 illustrates a cryogenic probe station setup. The data is analyzed by

plotting the current density as a function of function of area. If the current density

increases as the area decreases, then surface leakage is a dominant effect for small

area pixels. Another common method of analyzing such data is to plot the current

density as a function of the perimeter/area ratio. For small pixels, the ratio of the

perimeter to area is large. Thus, the perimeter sidewalls can contribute significantly

to dark current if the pixel sidewalls suffer from surface energy states leading to

surface leakage current.
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Figure 3.9: Cryogenic probe station setup schematic.

3.4.2 Spectral Response

The spectral response of a detector typically shows a curve describing the photore-

sponse of a detector with respect wavelength normalized to the maximum or peak

detection wavelength. This can be used with responsivity (described in the next

section) to show the calibrated responsivity as a function of wavelength. The mea-

surement is conducted by utilizing a fourier transform infrared (FTIR) spectrometer

with the detector under test (DUT) connected as an external detector. Initially a

background scan is measured using a calibrated detector installed in the FTIR which

is then used to normalize the response spectrum of the DUT. The difference in fre-

quency response of the two detectors must also be taken into account. The DUT

can be cooled using either a LN2 pour filled cryostat or a cryostat cooled with a

closed cycle helium cryopump. Below, in figure 3.10, is an illustration of the spectral

response setup. More details are given in the appendix.
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Figure 3.10: Spectral Response setup schematic.

3.4.3 Responsivity

Responsivity is a measure of the output electrical response of a DUT given some

input photon flux. the measurement is conducted using a calibrated black body

source, optical band pass filters, an optical chopper, a network analyzer or lock-in

amplifier, a voltage amplifier, and a cryostat. A detector is cooled in a cryostat and

between it and the black body is placed the optical chopper and optical filter. The

voltage amplifier is used to strengthen the detector signal as well as apply a bias

across the DUT. The signal is then fed to the spectrum analyzer where the signal is

measured. The responsivity is calculated using the following formula:

Rλ =
I

ABB × Adet

r2
×

λcut∫
0

Me,λ (λ, T )×NR (λ) dλ

(3.6)
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Where R(λ) is the wavelength dependent responsivity, I is the amplitude of the

signal measured by the network analyzer, A(BB) is the area of the black body

aperture, Adet is the detector aperture area, r is the distance between the detector

and black body, λ(cut) is the cut-off wavelength of the detector, M(e, λ) is the black

body spectral radiance as a function of wavelength and temperature, NR(λ) is the

normalized spectral response, and λ is wavelength. Bias dependent responsivity can

provide clues concerning the size of barriers in the bandstructure of the DUT as well

as indicate the quantum efficiency (QE). A more general expression for responsivity

is given in the next formula:

Rλ =
Gηλ

hc
(3.7)

Where G is gain, η is quantum efficiency, h is Planck’s constant, and c is the

speed of light. From this the gain*QE product can be calculated. A schematic of

the responsivity setup is shown in figure 3.11.

Figure 3.11: Responsivity setup schematic.
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3.4.4 Noise

Noise is a measure of the random electrical sources in the DUT signal that compete

with the actual photoresponse signal. There are numerous causes that stem from

sources internal to the DUT such as SRH G-R and surface leakage current, and ex-

ternal sources such as system noise from the amplifier. Because of so many potential

noise sources in the measurement setup, noise is a difficult parameter to measure

and is often estimated from dark current measurements. The measurement utilizes

a spectrum analyzer, a voltage amplifier, and cryostat. Dark noise can be measured

if a cold shield is placed in front of the DUT or a 300K (∼ room temperature) back-

ground noise can be measured if no shield. A black body can also be utilized to

measure background limited noise. An illustration of the noise measurement setup

is shown in figure 3.12.

Figure 3.12: Noise setup schematic.

Once the noise is determined, it is used to calculate such quantities as noise-

equivalent-power (NEP) and detectivity. The expression for calculating specific de-
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tectivity (D*) using noise measurements is shown below.

D∗ =
Rλ

√
A∆f

inoise
=

√
A∆f

NEP
(3.8)

Where Rλ is responsivity, A is the detector area, and δf is the frequency band-

width of the noise measurement. Alternatively, D* can be estimated using dark

current density as shown below [15].

D∗ =
Rλ√

2qJ + 4kT/RDA
(3.9)

Where J is the dark current density and RD is the dynamic resistance which is the

inverse of the slope of the I-V curve at the detector’s operating bias. The first term

in the denominator represents shot-noise and the second represents Johnson-noise.

3.5 Summary

In this chapter I have described the tools that were used to conduct to the research

for this dissertation. The primary tools include equipment for detector fabrication

and characterization. Single pixel detectors were fabricated using standard tech-

niques including optical photolithography, wet chemical and dry etching, PECVD

SiO2 and Si3N4, SU-8 lithography, and electron beam metal evaporation. Charac-

terization techniques include transmission measurements, variable temperature I-V

measurements, spectral response, responsivity, and noise measurements.
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MWIR InAsSb nBn Detectors

This chapter will discuss basic characteristics of InAs(1−x)Sb(x) based nBn detectors

with an AlAs(1−x)Sb(x) barriers. The first section will describe the detector designs

and discuss growth and fabrication details. The second section will present the

characterization results. Finally, the results will be summarized in the third section

along with concluding remarks.

4.1 Detector Designs and Fabrication Details

The variables at play in the design of InAsSb nBn detectors include composition and

doping conditions of the absorber, contact, and barrier. Such variations have been

outlined by Klipstein et. al. [7]. In this study we investigate the parameters related

to the barrier conditions including two different compositions of the AlAsSb used

for the barrier as well as two different doping conditions making for a total of four

samples under investigation. Tolerable lattice mismatch being the primary constraint

on the material composition. Another design was also tested that used an AlGaSb

barrier layer, however, this device had very high dark current that behaved linearly
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with bias like a photoconductor. It was concluded the valence band of the AlGaSb

barrier was sufficiently high as compared to the conduction band of the absorber

and contact layer such that tunneling across the barrier junction was taking place;

so this design was excluded from further study.

The structures for this study were grown by Intelli EpiTM and IQETM using solid

source molecular beam epitaxy (MBE) on Te-doped epi-ready (100) GaSb substrates.

The two structures grown by Intelli EpiTM consisted of a 1000nm thick InAs0.91Sb0.09

(lattice matched to GaSb) bottom contact layers doped with silicon at a concentra-

tion of 1× 1018cm−3. Next a 3000nm thick InAs0.91Sb0.09 n-type absorber layer with

a doping concentration (n-type) of 1× 1017cm−3 was grown. This was followed by a

100nm thick AlAsSb barrier layer grown using the digital alloy technique (alternating

layers of AlAs and AlSb, similar to superlattice). The barrier is non-intentionally

doped and is estimated to be p-type with an acceptor concentration on the order

of 1015cm−3 [105]. A 300nm thick n-type InAsSb layer, with the same parameters

as the absorber, was then grown to create a top contact and this was followed by

a 10nm InAs capping layer (n-type, 1 × 1018cm−3). Silicon was used as the doping

material. The difference between the two structures is the composition of the barrier

region in which for structure A the As/Sb ratio is 0.15/0.85 and for structure B the

As /Sb ratio is 0.10/0.90. In terms of the digital alloy, the composition corresponds

to 3 monolayers (MLs) of AlAs and 17 MLs of AlSb for structure A, and 2 MLs of

AlAs and 18 MLs of AlSb for structure B. The two structures grown by IQETM were

similar, however, the doping material used was tellurium instead of silicon and the

barrier region was doped with a concentration of 1× 1017cm−3. For this study sam-

ple C will correspond to the IQETM sample with a barrier As/Sb ratio of 0.15/0.85

and sample D will correspond to the IQETM structure with a barrier As/Sb ratio of

0.10/0.90. These structures are summarized in figure 4.1.

The crystalline quality was evaluated for structures A and B with X-ray diffrac-
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tion (XRD) measured in a Philips double-crystal X-ray diffractometer using the Cu

K-α1 line. The XRD data for both structures is shown in figure 4.2. The lattice

mismatch of the AlAs(1−x)Sb(x) barrier of structure A was 0.97% with respect to

the GaSb substrate whereas the barrier of structure B had a lattice mismatch of

0.17%. The lattice mismatch for sample C and D are should be similar to A and B,

respectively.

Figure 4.1: MWIR InAsSb nBn detector structure and table with detailed descrip-
tions of the four different samples [12].

Figure 4.2: X-Ray diffraction of structure A and B [12].
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Single pixel devices with square mesas of 410 x 410 µm2 and apertures with

diameters ranging from 25µm to 300µm were fabricated from the structures. The

processing utilized standard optical photolithography, for definition of the top con-

tact mesas, followed by a shallow etch in a phosphoric acid solution to the barrier

region. Then another photolithography step was performed to define deep etch re-

gions for obtaining access to the bottom contact. This deep etch was conducted using

inductively coupled plasma (ICP) dry etch with BCl3. An additional photolithogra-

phy step was utilized to define regions for deposition of metal contacts. Metallization

was performed using an e-beam evaporator with a metal composition of Ti/Pt/Au

(500/500/3000 Å). This was then followed by passivation of the mesa side walls with

SU-8 photoresist.

For this study we focused on the effect of the barrier composition and the barrier

doping concentration on InAsSb nBn detectors. The barrier composition affects

characteristics such as lattice mismatch, band-gap, electron affinity, and valence and

conduction band offset. The doping concentration will affect such characteristics as

the Fermi energy level and consequently the amount of depletion between the barrier

region, contact and absorber regions.

4.2 Results and Discussion

Various characteristics of the devices were then measured and compared. The mea-

surements conducted include: spectral response, dark current as a function of applied

bias for temperatures ranging from 77K to room temperature, variable temperature

responsivity and variable temperature specific detectivity as a function of bias.

71



Chapter 4. MWIR InAsSb nBn Detectors

4.2.1 Dark Current

Variable temperature measurements of dark current were conducted for the four

devices and the Arrhenius behavior was then plotted in order to analyze the current

limiting mechanisms. The temperature was varied from 50K to 290K with 10K

temperature steps, however, for the low temperature region the current was below

the minimal current reading capability of the system. Dark current as function of

bias at a temperature of 150K is shown in figure 4.4 and variable temperature dark

data for an applied bias of 0.2V is presented in figure 4.3. An applied bias of 0.2V

was chosen because the responsivity achieved roughly 90% of the saturated value at

this bias.
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Figure 4.3: Dark current plotted on Arrhenius scale for the four detector structures.
The activation energy for the high temperature and low temperature regions are
indicated along with the transition temperature.

73



Chapter 4. MWIR InAsSb nBn Detectors

Figure 4.4: Dark current for all four nBn detectors at 150K as a function of bias.

The data does not indicate diffusion limited behavior for all temperature ranges

as indicated from the lack of a constant slope. Structure A, B, C, and D show

diffusion limited performance from room temperature down to 200K, 170K, 200K,

and 222K, respectively. The activation decreases below these transition temperatures

indicating each detector is G-R limited for low temperature operation. Structure B

has the lowest dark current density and transition temperature. The dark current

density for structure B at 150K is 9.93 × 10−7A/cm2 which is on the same order of

magnitude of a HgCdTe detector of similar cut-off wavelength according to Rule 07

[4].

The dark current of structure B is markedly decreased compared with A. This

could be due to a couple of different factors. The band alignment and doping con-

ditions may be in a more suitable state in structure B such that there is less band

bending and depletion and consequently less G-R current. Compared with structure

A, the higher Sb concentration in structure B provides a smaller band gap, slightly

increased electron affinity, and smaller lattice mismatch with GaSb [106, 107]. This

should result in raising the valence band position by only ∼ 20meV [106]. Another
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explanation is the possibility of decreased G-R current due to a decreased trap center

density because of the smaller lattice mismatch which would have a lower probability

of the formation of defect sites.

Devices C and D show decreased dark current density with respect to device A,

however both of them have higher dark current than device B. The difference between

the first two versus the second two is the n-type tellurium doping in the barrier

layer. This means the band alignment of the barrier is shifted down with respect

to the absorber and contact. The G-R current does not appear to be significantly

increased compared to structure B, so the size of the depletion does not appear to be

significantly changed with doping conditions. Another factor to consider is that the

cold shield during the measurement may be at a slightly higher temperature than

the detector itself. Thus the current measurement may be influenced by the back

ground radiation, small as it may be, coming from the cold shield. A detailed look

at the bias dependent responsivity will provide more clues in the band alignment of

the detectors.

4.2.2 Photoresponse

The spectral response, a necessary component for calculating responsivity, was mea-

sured for multiple temperatures from 77K to 290K. The normalized spectral response

of the four devices measured at 77K and 150K is presented in figure 4.5. It is noted

that the peaks of structure A and B are blue shifted as compared to structure C and

D, however, the 0% cut-off wavelength is about the same. The softened slope of the

cut-off wavelength is attributed to some mechanism akin to the Moss-Burstein effect

[108] which requires that for highly doped semiconductors, absorbed photons must

excite electrons to energy states above the minimum of the conduction band.
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Figure 4.5: Normalized spectral response of the four detectors at 77K and 150K.

The responsivity was measured for biases ranging from 0 to 1.0V and temper-

atures ranging from 77K to 290K. The variable temperature responsivity data as

a function of bias for the four devices are shown in figure 4.6. We see that struc-

ture A had the lowest responsivity and had little temperature variation at high bias

(> 0.2V ). Structure C had the largest responsivity for the measured temperature

range and structure D had the most variation with temperature which was close to
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30% in the saturated signal range. One of the more prominent differences amongst

the four detectors is that the responsivity for structure A and B is significantly lower

than it is for structure C and D. We see the signal saturate for all four detectors

so it is not a matter of a applying enough bias to overcome a barrier. In fact, the

saturation bias is roughly 200mV for all four detectors so the valence band barrier

does not seem to vary much from one design to the next. However, the responsivity

for each detector was calculated at 3.6µm, which is the peak wavelength for detectors

C and D, so the blue shifted peaks of detector A and B is one factor that contributes

to the decreased photo-response.

Figure 4.6: Variable temperature responsivity as a function of bias for all four de-
tectors.

Another interesting difference is observed in the temperature variation. For the

structures doped with silicon, A and B, the saturated signal is relatively stable with

77



Chapter 4. MWIR InAsSb nBn Detectors

increasing temperature, aside from the anomalous spike in signal for detector B.

However, for the structures doped with tellurium, C and D, the signal deceases with

increasing temperature. This along with the fact that the signal strength is signifi-

cantly smaller than C and D suggests that the doping material has a significant effect

on the the behavior of the device. However, it is acknowledged that other potential

variables exist given that these detectors are grown in different MBE chambers by

two different companies.

Figure 4.7: Bias dependent responsivity for 77K and 150K for all four detectors.
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In figure 4.7 we see a comparison of the bias dependent responsivity for all four

detectors at 77K and 150K. It is interesting to note that at 77K the bias dependence

is fairly different for detector B as compared to the others. For instance, detector

B is roughly saturated with a bias of 200mV where as the others require a bias of

400mV. However, at 150K detector B is saturated by 100mV and the other three

are saturated by 200mV. Thus, all four detectors appear to have a temperature

dependent turn on bias. There is going to be a barrier for all four detectors due to

the top contact which is heavily doped compared to the absorber; so some bias will

be required to overcome this. One of the goals is to minimize this required bias.

Assuming unity gain for these devices, quantum efficiency was calculated for a

temperature of 150K and an applied bias of 0.2V. for devices A, B, C, and D they are

16%, 34%, 62%, and 59% respectively. The estimated QE for an InAsSb absorber

3µm thick is ∼ 70% [109, 82] which implies the photoconductive gain or collection

efficiency is reduced.

4.2.3 Detectivity

The specific detectivity for structures A, B, C, and D are shown in figure 4.8 as a

function of bias for temperatures ranging from 150K to 290K. At the time of testing,

structure A did not produce a signal above 200K. D* was calculated using dark

current density to estimate Johnson and shot noise, as described in chapter three,

because of difficulties in accurately measuring the actual detector noise.
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Figure 4.8: Variable temperature specific detectivity as a function of bias for all four
detectors.

Of the three devices, structure C has the best D* performance with a value of

2.33 × 1012 Jones at an applied bias of 0.2V, wavelength of 3.6µm, and operating

temperature of 150K. Structure B was very close with a D* of 1.69× 1012 Jones for

the same parameters. If the peak response of detector B was not blue shifted, it

would have performed better than structure C.
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4.3 Summary

In this work we have presented the performance results of InAsSb based nBn MWIR

detectors with AlAsSb barrier regions with different compositions and doping con-

ditions. The data from this study is summarized in table 4.1 for an operating tem-

perature of 150K with an applied bias of 0.2V.

Table 4.1: MW InAsSb detector summary
Structure A B C D

Responsivity
(A/W)

0.45 0.98 1.79 1.70

Quantum
Efficiency

0.16 0.34 0.62 0.59

Specific
Detectivity

(cm
√
Hz/W ,

Jones)

1.49×1011 1.69×1012 2.33×1012 9.21×1011

Dark Current
Density (A/cm2)

2.65×10−5 9.93×10−7 1.65×10−6 6.31×10−6

Activation
Energy (eV)

0.37 0.4 0.4 0.37

Diffusion Limited
Temperature (K)

200 170 200 222

The best performance based on D* results was achieved by structure C which

had an n-type doped barrier region and a barrier composition of AlAs0.15Sb0.85.

Detector B actually had a lower dark current density but had a slightly reduced

D* in comparison with detector C because of a blue shifted response peak that was

observed in detectors A and B which was attributed to the silicon dopant. All four

detectors required an applied bias to achieve the maximum responsivity which varied

with temperature suggesting a temperature dependent barrier in the valence band.
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Detector B required the smallest bias out of the four. The variation between the two

different barrier compositions did not significantly affect device performance except

for in the case of detector A which was attributed to increased G-R current created by

potential defects induced from the larger lattice mismatch compared to detector B.

This behavior, however, was not observed in detector C which had the same barrier

composition as detector A.
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5.1 Detector Designs and Fabrication Details

An important factor effecting the electrical and optical performance of narrow band

gap IR detectors is the background carrier concentration [110]. In this chapter we

look at electrical and optical performance of a mid-infrared T2SL based nBn detector

with different doping concentrations in the absorber region. This is done to systemat-

ically optimize the n-type carrier concentration in the absorber layer. P-type doping

was not considered since it would contribute to the creation of a depletion region.

The detector structures were grown in a VG-80 molecular beam epitaxy (MBE)

system equipped with Ga/In SUMOTM cells and valved cracker sources for group V

Sb2 and As2. Details of the growth conditions have previously been reported [111].

The growth substrates were n-type (Te-doped) GaSb (100) epi-ready substrates.

Initially ∼ 0.36µm thick n-type SLS contact layer composed of 170 periods of 10

monolayers (MLs) of Si-doped InAs and 10 MLs of n.i.d. GaSb was grown. This

was followed by ∼ 1µm thick absorber layer of the same SLS composition but with

different doping conditions. A 100 nm thick n.i.d. (p-type) Al0.2Ga0.8Sb layer was
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grown to create the barrier. This was followed by a 20 nm n.i.d. GaSb spacer layer

and capped by a ∼ 0.1µm thick top contact layer composed of the same SLS as

the bottom contact layer. Four samples of this structure were grown with different

doping concentrations in the absorber region. These concentrations, determined

by Hall measurements, were 5 × 1016cm−3 (n.i.d. SLS material), 1.4 × 1017cm−3,

4.0 × 1017cm−3 and 3.5 × 1018cm−3. The hall measurements were conducted prior

to making the actual detector structures in which four samples were created with

thin T2SL layers grown on semi-insulating GaAs substrates with different tellurium

source temperatures. These samples were then mounted and wired in a van der Pauw

configuration for hall measurements. The calibrated tellurium source temperatures

were then used to dope the absorber layer. A schematic of the structure is presented

in figure 5.1. The lattice mismatch, full width at half maximum (FWHM) of the

1st SLS satellite peak, and SLS period as a function of the doping concentration is

shown in figure 5.2. The samples were processed using standard photolithography

and inductively coupled plasma (ICP) etching techniques into single-pixel detectors

with 410µmx410µm mesas with optical apertures varying in diameter from 25µm to

300µm.
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Figure 5.1: MWIR T2SL nBn detector structure with four different doping concen-
trations.

Figure 5.2: X-ray diffraction results showing lattice mismatch, FWHM, and period
spacing as a function of the absorber doping concentration.

The processed devices were then characterized to determine their dark current
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density, spectral response, responsivity and specific detectivity.

5.2 Results and Discussion

5.2.1 Dark Current

Current-voltage (IV) characteristics were measured for the devices at 77K as shown

in Figure 5.3. It should be noted that the forward bias in this study was defined as

a positive voltage applied to the bottom contact of the device with respect to the

top contact. At 77K and 0.1V of applied bias, the dark current density increases

by three orders of magnitude (from ∼ 0.3mA/cm2to ∼ 0.3A/cm2), when the doping

concentration is changed from 5 × 1016cm−3 to 3.5 × 1018cm−3. For a conventional

p-i-n photodiode design made of a similarly narrow band gap material, increasing

the absorber doping above 1016cm−3 would result in a very thin depletion region

and Zener breakdown [82], which is not necessarily the case for the unipolar nBn

detector device. We believe that this increase in the dark current suggests that there

is a quantum well (QW) for the minority carriers (holes) formed in the valence band.

With an increase in the doping level of the absorber the depth of this QW increases.

We think, during the device operation holes may be trapped in the QW whereas

electrons are accumulated near the barrier. This leads to an enhanced electron-hole

recombination similar to BTB tunneling. Thus, for the higher doped absorber region

the carrier lifetime will be decreased due to the increase in electron-hole recombina-

tion. Since dark current is inversely proportional to the carrier lifetime, the increase

in dark current density is expected and observed for the higher doped devices.

86



Chapter 5. MWIR T2SL nBn Detectors

Figure 5.3: Dark current density of the four detectors.

Dark current density as a function of temperature was also measured for the

detector with the n.i.d. absorber is plotted on an Arrhenius scale shown in figure

5.4. The activation energy for the high temperature range is 146meV which is close

to half the expected band gap energy for the MWIR T2SL indicating the detector

current is G-R limited. The 25.9meV activation energy at the lower temperature

range indicates the detector current is limited by tunneling. The increased G-R and

tunneling may be a result of the potential well formed by the mis-alignment of the

absorber and barrier as described earlier. Such a situation is illustrated in the band

structure simulation in nextnano3TM , courtesy of Elena Plis, shown in figure 5.5.
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Figure 5.4: Arrhenius plot of the dark current density of the detector with n.i.d.
absorber.

Figure 5.5: nextnano3 simulation of the bandstructure alignment in the MWIR T2SL
nBn detector.
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5.2.2 Photoresponse

The spectral response of the detectors was measured with a Nicolet 670 Fourier

transform infrared spectrometer (FTIR) relative to a standard deuterated triglycine

sulfate (DTGS) thermal detector. The 100%-cut-off wavelength of the n.i.d. detector

is equal ∼ 6µm whereas the detector with the largest doping level (n = 3.5 ×

1018cm−3) shows a 100%-cut-off wavelength at ∼ 4.5µm. The observed blue shift

of cut-off wavelength is attributed to the Moss-Burstein effect [108]. the normalized

spectral response of the four detectors measured at T = 77K with a bias of Vb = 0.1V

is presented in Figure 5.6.

Figure 5.6: Spectral response of the four detectors.

The bandstructure mis-alignment of the absorber and barrier layer is also appar-

ent in the bias dependent responsivity which is shown in figure 5.7. The responsivity
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does not even saturate in the range measured up to 1.2V of applied bias indicating

the presence of a barrier or a well in the valence band to impede the flow of carriers.

Such a high bias is not acceptable because of the high dark current that would be

experienced.

Figure 5.7: Bias dependent responsivity of the detector with the absorber doping of
n = 5× 1016cm−3.

Johnson limited specific detectivity (D*) was estimated from dark current mea-

surements and responsivity. The D* was calculated at 4.4µm for all the detectors

studied. The low-temperature (77K) dependencies of specific detectivity along with

the dark current density as a function of n-type doping level of the absorption region

are presented in Figure 5.8 (Vb = 0.1 V). The significant degradation of both pa-

rameters with increased n-type doping level of the absorbing region is observed. The

maximum detectivity that was measured was 2.3 × 1010 Jones for the n.i.d. device

(0.1 V). The bias-dependent values of D* at 77K for the four devices are shown in

Figure 5.9.
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Figure 5.8: Absorber doping dependence of the four detectors.

Figure 5.9: Specific detectivity bias depdence of the four detectors at 77K.
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5.3 MWIR nBn With N-type Doped Barrier

To overcome the problem of the well in the valence band at the electron barrier

layer the bandstructure of the electron barrier needs to be shifted down. Shifting the

barrier bandstructure can either be done by adjusting the barrier layer composition

or by changing its doping. Since changing the composition would also result in

increased strain, which could result in defects, it was decided to adjust its doping. In

order to shift the bandstructure, the barrier needs to be doped n-type which would

raise the Fermi energy level of the barrier layer. Thus a similar design was fabricated

and tested as the previous four designs, however, the barrier layer was doped lightly

n-type (∼ 7 × 1015cm−3). Dark current density as a function of temperature and

bias was measured for this detector which is shown in figure 5.10.

Figure 5.10: Arrhenius plot of dark current density for MWIR nBn detector with
n-type doped barrier.

This detector clearly showed diffusion limited current for the high temperature
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range. From approximately 150K to 290K the detector was diffusion limited with

an activation energy of ∼ 235meV which agrees well with the expected band gap

energy of 244meV. The activation energy then transitions to ∼ 14meV at 80K and

lower. The dark current density is also approximately two orders of magnitude

lower at ∼ 80K. Thus the detector with the doped n-type barrier shows a clear

improvement over the earlier design. For comparison, in figure 5.11 the Arrhenius

plot for a MWIR p-i-n detector’s dark current density is shown. Note that for the

high temperature range (> 100K) the activation energy is ∼ 130meV , on the order

of half the bandgap indicating G-R limited. However, once again at low temperatures

the activation energy is ∼ 12meV , much less than the bandgap energy indicating

surface leakage effects or tunneling.

Figure 5.11: Arrhenius plot of dark current density for a MWIR PIN T2SL detector.
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5.4 Summary

In conclusion, we have investigated the electrical and optical properties of a MWIR

nBn detector as a function of background carrier concentration in the absorbing

region of the device. Contrary to our expectations, dark current density was dra-

matically affected by the change of the n-type doping level in the detector absorption

region. Such behavior can be attributed to the presence of a quantum well (QW) for

the minority carriers (holes) formed in the valence band. The device with the n.i.d.

doping level in the absorption region demonstrated the best performance among all

studied samples. However, the dark current was still rather high and diffusion lim-

ited current was not achieved. To correct for the apparent well present in the valence

band, the electron barrier layer was lightly n-type doped to shift the band structure

down. The modified design had diffusion limited current down to 150K and achieved

a dark current density of 3× 10−6 at 80K.
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LWIR nBn, pBn, and pBp

Detectors

6.1 Introduction and Motivation

Incorporation of unipolar barriers in long wave infrared (LWIR) detectors improve

performance by lowering dark current density and, consequently, raises the detector

operating temperature. Various heterostructure architectures have been utilized [91,

8, 67, 71] for performance enhancement of LWIR detectors. This section will describe

and contrast the use of a nBn and pBn architecture for LWIR detectors based on

type-II InAs/GaSb superlattices (T2SL) as well as discuss photoconductive gain in

a pBp type configuration.

A pBn detector is desirable because it utilizes a wide band gap barrier at the

p-n junction to help reduce dark current mechanisms without removing the built in

potential of a diode. A nBn detector is expected to have even lower dark current

due to the removed or reduced depletion region of a p-n junction and has the added

benefit of only requiring one type of dopant which is advantageous for some materials
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[77, 78]. Ref. [86] presents a similar study in which nBn and nBp detectors composed

of MWIR InAsSb were compared for their photocurrent, temperature dependent dark

current, dynamic resistance - area product, and carrier concentration. This study

will focus on dark current and responsivity behavior for multiple temperatures and

how the barrier and junction affect them.

6.2 Detector Designs and Fabrication Details

Three structures were produced for this study. One is a pBn and the other two are

nBn designs. One of the nBn designs has a n.i.d. barrier and the other has a lightly

doped p-type barrier. Both detectors are designed with a top contact with a larger

band gap energy to help further reduce dark current associated with narrow band gap

materials. The pBn design is desirable because of the large built in potential that is

created which reduces the amount of applied bias required for operation, however, the

nBn design has lower dark current due to less depletion extending into the narrow

band gap material. Both designs work similarly with the detector junction being

located at the interface of the barrier and absorber. The primary difference being

that the nBn requires a significant applied bias. Descriptions of the device operation

are readily available in ref. [6, 82].

The material schematic for the detector structures are shown in figure 6.1. Es-

timations of the band gap energies and electron affinities, as determined by the

empirical pseudopotential method (EPM) [112, 71], were used to define the material

layers.
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Figure 6.1: Schematic of the LW pBn, nBn, and nB(p-)n structures.

All three structures consist of a n+ bottom contact superlattice layer composed of

135 periods of 14 mono-layers (ML) of InAs and 7 ML of GaSb. Strain compensation

was also used in each layer period but the details of which are not discussed here.

A layer with graded doping, from n+ to non-intentionally-doped (n.i.d.), 40 periods

of the same superlattice was grown on the bottom contact layer followed by 300

periods of the same superlattice (n.i.d.) to serve as the absorber. This was followed

by 45 periods of a superlattice composed of 7 ML of GaSb and 4 ML of AlSb; this

layer serves as the electron barrier. The final capping layer composed of yet another

superlattice consisting of 30 periods of 5 ML of InAs and 7 ML of GaSb serves as

the top contact. The thicknesses are listed in figure 6.1. The differences between

the three detectors are as follows: the pBn detector has a P+ top contact, the nBn

detectors are the same but the top contact is N+ doped, and for one of the nBn

detectors the barrier is lightly p-doped. Detailed growth descriptions can be found

in ref. [111].
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6.3 Results and Discussion

The detectors were electrically and optically characterized. For the spectral re-

sponse and current-voltage measurements, the detectors were mounted in a helium

cyro-pump cooled Janis-Research cryostat and regulated with a LakeShore 331 tem-

perature controller. The spectral response was measured with a Nicolet 670 fourier

transform infrared (FTIR) spectrometer using an external detector configuration.

Current-voltage (I-V) measurements were conducted with a HP4145B semiconduc-

tor parameter analyzer. Responsivity was conducted in a liquid nitrogen cooled Janis

cryostat and utilized a calibrated Mikron black body source tuned to 900K, an op-

tical chopper, a long wave band pass filter, a Keithley 428 voltage amplifier, and a

Stanford Research 770 network analyzer. It is noted that the bias configuration is

such that reverse or negative bias extracts photo-response from both the pBn and

nBn designs, so dark current and photo-response will only be discussed for that bias

range.

The dark current density was measured for all three detectors for temperatures

ranging from 50K to 200K in 10K steps. The dark I-V curves for each detector is

shown in figure 6.2, an Arrhenius plot is shown in figure 6.3.
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Figure 6.2: Bias dependent dark current density of the LW pBn, nBn, and nB(p-)n
structures.

Figure 6.3: Temperature dependent dark current density of the LW pBn, nBn, and
nB(p-)n structures plotted on an Arrhenius scale.

The primary differences observed between the pBn and nBn designs is that the

pBn has an overall higher dark current density across the bias and temperature range

shown and that it does not experience as strong as a bias dependence as the nBn

detectors between 0V and -0.4V. Later, it is shown that the photo response for the

nBn detectors have a turn-on voltage of ∼ −0.4V − 0.5V that corresponds with the
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I-V data. Where as the pBn detector is shown to have an optical turn-on bias of

∼0.2V. The current density of the pBn detector at -0.2V is 3.58mA/cm2 whereas for

the nBn detector at a bias of -0.5V, is 1.98mA/cm2. Even at the higher bias, the

nBn design has a slightly lower dark current density than the pBn.

Figure 6.4: Spectral response of the LW pBn, nBn, and nB(p-)n structures at 77K.

The temperature dependent dark current plotted on an arrhenius scale shows

all three detectors to be diffusion limited at high temperature. The low activation

energy for the low temperature range for all three detectors suggest either surface

leakage effects or tunneling. From 50K to about 70K the activation energy was

∼3.6meV – 8.6meV for all three detectors. From about 90K to 290K the activation

energy is ∼102meV – 113meV which is slightly lower than the band gap expected

from the measured cut-off wavelength of ∼ 9.5µm at 77K as shown in figure 6.4.

For the whole temperature range in which the detectors are diffusion limited, the

pBn detector is approximately a factor of two larger suggesting the nBn designs

also diminish diffusion current. The transition temperature from diffusion limited

to tunneling or surface limited behavior is roughly around 80K – 90K for all three

detectors, however it is apparent that it is slightly lower for the nBn detector with

the p-doped barrier which implies the p-type doped barrier potentially helps with
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reducing tunneling current. This can be attributed to the importance of proper

alignment of the barrier Fermi energy level to minimize the presence of depletion

within the absorber [113]. To further investigate bandstructure alignment the bias

and temperature dependent responsivity was measured which is shown in figure 6.5

and 6.6.

Figure 6.5: Bias and temperature dependent responsivity of the LW pBn, nBn, and
nB(p-)n structures.
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Figure 6.6: Bias dependent responsivity of the LW pBn, nBn, and nB(p-)n structures
at 77K.

As mentioned earlier, the turn-on voltage for the pBn design is ∼0.2V and for

the nBn designs is 0.5V. The turn-on voltage is defined here as the lowest bias at

which the responsivity achieves roughly 90% of its maximum value or saturates. The

responsivity at these biases are 2.18A/W for the pBn, 2.47A/W for the nBn with

n.i.d. barrier and 2.26A/W for the second nBn detector. The three designs follow a

very similar bias dependence from -0.4V to -1.0V. However, the nBn n.i.d. barrier

design shows a slightly higher responsivity; on the order of 10% - 15% higher than

the pBn. Several factors could play a part in causing this. For instance, it was

recently shown that slight changes in the growth temperature can significantly affect

the photo-response of a detector [61]. This can also be compounded by experimental

error arising during device testing as well.

The turn-on voltage for all three devices can be explained by a barrier in the

valence band of the structures. For instance the pBn design, which should have a 0V

or very small turn-on voltage, must have a valence band offset between the absorber

and barrier or barrier and top contact that hinders hole current. Thus, an external

bias of at least 0.2V is required to supply enough energy to the holes to overcome
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the barrier. This band offset is most likely between the absorber and barrier layer

since the top contact is degenerately doped p-type. for the nBn detector, the top

contact is degenerately doped n-type which forces the band structure to shift down in

energy and creates an even larger valence band offset. To help explain this, TCAD

simulations by the Synopsis Sentaurus simulation environment were conducted to

estimate the energy band structure line up. The bandstructure for the individual

layers were determined by EPM as mentioned earlier. The simulation results for 0V

of applied bias for each design is shown in figure 6.7.

Figure 6.7: Simulated bandstructure of the LW pBn, nBn, and nB(p-)n structures.

The pBn design shows a valence band offset between the absorber and barrier
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that creates a 41meV hole barrier. The hole barrier for the nBn design is 150meV.

Understanding the turn-on voltage for the simulated band structures can provide

clues about how much of a hole barrier exists in the real devices.

The saturated responsivity remains relatively constant across the temperature

range measured, with just a slight 5% – 10% increase with increasing temperature.

The turn-on voltage for the nBn detector remains relatively constant, for the mea-

sured temperature range, at ∼ -0.5V, but the turn-on voltage for the pBn design

increases to ∼ -0.4V at 150K. One possible explanation of this is the difference in

temperature dependence between the absorber layer and the barrier layer. For in-

stance, the background carrier concentration has been shown to vary in in both

MWIR and LWIR superlattice devices [114, 115, 116] which can cause the align-

ment of the junction between the absorber and electron barrier layer to shift. If the

absorber was becoming more p-type with increasing temperature, the alignment of

the fermi energy position would cause the valence band offset to increase and create

a larger barrier between the absorber and electron barrier layer. In ref. [116] it is

shown that the carrier type changes from n-type to p-type at 140K for LWIR T2SL

which would match the result that we see. This effect is presumably not observed in

the nBn detectors because of the already relatively large barrier that is present.

Table 6.1: Comparison of LW heterostructure detector designs

Structure

Dark
Current
Density
(A/cm2)

Gain*QE
D* (cm

√
Hz/W ,

Jones)
Bias (V)

50%
Cut-off
Wave-
length
(µm)

nBn 1.98×10−3 0.41 2.87×109 0.5 8.6

nB(p-)n 1.05×10−3 .37 2.36×109 0.5 8.36

pBn 3.58×10−3 0.36 4.99×109 0.2 8.5

pBiBn [10] 1.57×10−5 0.235 3.7×1010 0.06 8.3

CBIRD [91] 9.9×10−6 0.29 1.1×1011, F/2 0.2 9.9

pπMn [117] 5×10−5 0.44 8.1×1011, JL 0.05 9.63

pMp [8] 3.3×10−3 0.175 4.0×1010, JL 0.05 14
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The detector designs in this study exhibited dark current densities two orders of

magnitude higher than other LWIR heterostructure T2SL detectors with comparable

cut-off wavelengths. However, the QE was on par aside from the devices requiring

significantly higher operating biases. An interesting note in the other designs listed

in the table, however, is that all the structures are composed of a double barrier or

heterostructure system. The pBn design in fact, is very similar to the pBiBn detec-

tor. The difference being the lack of a wide band gap hole barrier layer between the

absorber and n-type contact. Even the pMp detector has a double barrier configu-

ration which includes the M-structure superlattice valence band barrier adjacent to

the top conatact and the GaSb bottom contact layer.

6.4 Photoconductive Gain in LW pBp

Single unipolar barrier detectors such as the nBn and pBp designs have been de-

scribed as hybrid designs of diodes and photoconductors. However such characteris-

tics as photoconductive gain has had limited investigation. This section investigates

the presence of photoconductive gain in LWIR pBp detectors.

6.4.1 pBp detector

In the pBp architecture the minority carriers are electrons, as opposed to the nBn

design [6], which is advantageous because of the higher mobility of electrons in com-

parison with holes (approximately two orders of magnitude higher) in the SLS system

[88] which increases the photo response of a given device. pBp based devices have

been previously investigated by Nguyen et al. [8, 89] in which a pBp or so called pMp
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was created using the M structure for the barrier. For the work in this report the

barrier is composed of an InAs/AlSb superlattice structure. The ideal band structure

and operation of the pBp detector is illustrated in figure 6.8.

Figure 6.8: Qualitative illustration of pBp band structure showing direction of carrier
flow.

6.4.2 Photoconductive Gain

Photoconductive gain is a characteristic of a detector that describes the amount of

carriers extracted from a detector given a certain number of incident photons. For

instance, a photodetector may absorb one photon but then contribute more or less

than one electron to the photocurrent. In a typical photoconductor, when a photon

is absorbed, an electron-hole pair is formed and these carriers are extracted by an

applied bias at opposite terminals. However, this process may not occur so simply

because the electrons and holes of a given material tend to have different mobilities

and therefore have different transit times across the detector material. The electron

usually has a higher mobility than the hole, and thus is extracted before the hole

106



Chapter 6. LWIR nBn, pBn, and pBp Detectors

is. In order to retain charge neutrality additional electrons can be injected by the

contact, therefore more carriers are supplied to the photocurrent than produced

by incident carriers. In turn, a gain is applied to the signal produced from incident

photons. The situation described applies to detectors in general, however, it assumes

that both contacts are non-blocking ohmic contacts. this isn’t the case for a reverse

biased P-N photodiode in which both contacts block the re-injection of photo-carriers,

preventing a gain of more than unity [118, 119].

For the case of the pBp detector, we have a different situation in which one con-

tact is an ohmic non-blocking contact and the other is effectively blocking carriers

from being injected as depicted in figure 6.8. This prevents re-injection of holes at

the anode but electrons can still be freely injected at the cathode. Enabling the

possibility of a gain greater than unity. The general expression for photoconductive

gain,G = τ/τtr, where τ is the carrier lifetime and τtr is the electron transit time.

This expression implies that if the carrier lifetime is less than the electron transit

time, gain will be less than unity and conversely if the carrier lifetime is greater

than the electron transit time, the gain will be greater than unity. The complemen-

tary barrier infrared detector (CBIRD) has previously been studied for its PC gain

properties and was found to have non-unity gain for certain design conditions [75].

A qualitative representation of the bias dependence of gain for devices with ohmic

contacts, blocking contacts and one blocking contact based on the discussion from

[120] is shown in figure 6.9.

The transit carrier transit time is determined by either drift (carrier transport by

electric field) or by diffusion (carrier transport by a carrier concentration gradient).

For the case of drift the transit time can be written as:

τtr,drift =
l

v
=

l

µVB
l

=
l2

µVB
(6.1)
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Where l is the length of the device, v is the carrier velocity, µ is the carrier

mobility and VB is the voltage bias across the device. The diffusion transit time the

expression is:

τtr,diff = − 1

D

l∫
0

n
dn
dx

dx, (6.2)

Where D is the diffusion coefficient, n is the carrier concentration, and x is the

position within the device length from 0 to l. For the case of a linear carrier concen-

tration profile tautr,diff = l2

2D
. The diffusion coefficient can be estimated using the

Einstein relation: D = µkT/q. Given that the lifetime and mobility of superlattice

materials have some uncertainty, the mobility-lifetime product can be isolated in the

gain expression so that it may be used as a fitting parameter, which gives:

Gdiff = (τµ)

(
2kT

l2q

)
, (6.3)
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Figure 6.9: Qualitative illustration of bias dependent photoconductive gain for de-
tectors with ohmic contacts, one ohmic and one non-ohmic/blocking contact, and
both non-ohmic/blocking contacts.

Understanding photoconductive gain is important because it can affect a device’s

performance. For instance, a large gain can lead to filling of the read out integrated

circuit’s (ROIC) charge wells, which requires a shorter integration time for the ROIC,

and a less than unity gain would require a longer integration time. Also, the speed

of a device is inversely related with the photoconductive gain making devices with

large gain to have low speed performance.

6.4.3 Fabrication and Design details

This section will cover details concerning the growth of the material and processing

techniques used to fabricate the device.
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Material Growth

The structures for this study were grown using a VG-80 solid source molecular beam

epitaxy (MBE) system with a valved As cracker source on epi-ready (100) GaSb

substrates. The two structures used in this study are shown in figure 6.10. More

specifically, sample A, the p-i-n control sample, consists of 75 periods of 14 mono-

layers (MLs) InAs x 7 MLs GaSb n-type doped bottom contact superlattice layer,

50 periods of a graded n-type doped region of the same superlattice, 150 periods

of a non-intentionally doped (N.I.D., n-type) LWIR absorber layer of the same su-

perlattice, 25 periods of a graded p-type doped layer of the same superlattice, and

finally a p-type doped GaSb top contact layer all grown on a n-type Te doped GaSb

substrate. Sample B, a LWIR pBp detector, consists of 110 periods of the previously

mentioned superlattice p-type doped bottom contact layer, 150 periods lightly p-type

doped absorber layer of the same superlattice, 33 periods of a 16/4 ML InAs/AlSb

lightly p-type doped, and 15 periods p-type doped top contact layer of the original

superlattice all grown on a n-type Te doped GaSb substrate.

Figure 6.10: Schematic of the PIN and pBp structure.
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These devices were designed to absorb long-wave infrared (LWIR) radiation and

each have a 1µm thick absorber layer. The individual layer thicknesses were chosen

using the empirical pseudopotential method (EPM) to determine the proper band

alignments of the different regions[112, 71]. Doping for the barrier layer of the pBp

device was decided using a systematic study consisting of devices with no doping,

n-type doping and p-type doping.

Fabrication Details

Single pixel devices with square mesas of 410 x 410µm2 and apertures with diameters

of 200µm were fabricated from the structures. The processing utilized standard

optical photolithography for the various pattern definitions, an inductively coupled

plasma (ICP) dry etch with BCl3 for etching to the bottom contact, and electron-

beam metal evaporation of Ti/Pt/Au (500/500/3000 Å) was used to make contact

pads. Test pieces were then cleaved and mounted in 68 pin LCC chip carriers using

silver conductive epoxy. Measurement pads on the test pieces were then wire bonded

to the test pins on the chip carrier for testing in a cryostat.

Unprocessed material was also used for transmission measurements. In order to

remove absorption affects from the substrate, transmission measurements are nor-

malized to the transmission of the substrate with the epi-layer removed. Two pieces

approximately 1cm2 in size were used for this measurement, one piece remained

untouched, the other had the epi-layer etched away using the same ICP etching

technique used in the detector fabrication.

6.4.4 Results and Discussion

Various characteristics of the two devices were then measured and compared. The

measurements conducted include: X-Ray Diffraction (XRD) which is measured to
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determine material quality before fabrication, absorption which indicates the ab-

sorption quantum efficiency to measure photoconductive gain, spectral response to

determine spectral characteristics for calculating responsivity, and signal measure-

ments for calculating responsivity as well. Details of these measurements and their

results are described below.

X-Ray Diffraction

X-ray diffraction (XRD) spectra for both devices were collected to determine crys-

talline quality of the material. The XRD spectra was collected with a Philips double-

crystal X-ray diffractometer using the Cu−Kα1 line. Information that is gathered

from XRD spectra include the period thickness of the grown superlattice and lattice

mismatch which incidentally indicates whether the material is in tensile or compres-

sive strain. Figure 6.11 shows the XRD spectra of the two samples in this study.

Figure 6.11: X-Ray diffraction spectrum of the PIN and pBp material.

The XRD data reveals the materials to be of suitable quality. Satellite peaks

are observed indicating periodicity of the alternating material layers from which

the period thickness was calculated to be 67.3Å and 66.2Å for the p-i-n and pBp

structures, respectively. The lattice mismatch is 0.06% and 0.28% for the p-i-n and
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pBp, respectively, indicating both structures to have slight tensile strain. The full-

width-at-half-max (FWHM) was also determined to be 25 arc seconds and 18 arc

seconds for the p-i-n and pBp, respectively, which is falls within the average interface

roughness observed in our detector material growths.

Absorption

The absorption is determined by measuring the transmission of the sample mounted

at the brewster angle with respect to the incident IR beam. This is done using

a Nicolet 6700 Fourier Transform Infrared Spectrometer (FTIR) with a glowbar

infrared source, a KBr beam splitter, a deuterated triglycine sulfate (DTGS) thermal

detector, and a Janis research liquid nitrogen (LN2) cooled pour filled cryostat. The

sample with the epi-layer intact and the sample with the epi-layer etched away, as

described earlier, are mounted using thermally conductive grease in the LN2 cooled

cryostat on a copper sample holder attached to the cold finger. The sample holder has

holes over which the samples are placed for light transmission to be measured. The

percent absorption is calculated from the transmission measurement data as follows:

A = 100 ×
(

1− Tsample

Tsubstrate

)
. Where ”A” is the absorption, Tsample and Tsubstrate are

the transmission of the sample and substrate, respectively. The absorption data is

shown in figure 6.12.
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Figure 6.12: Absorption spectrum for the PIN and pBp detectors.

From the absorption spectrum, we see strong absorption in the near-IR region

around 2µm, the absorption decays and levels off around 6µm and then starts de-

caying again and appears to have a cutoff around 9.5µm for the p-i-n detector and

around 10µm for the pBp. However, it is noted that the spectral range around the

cutoff is rather noisy, due to significant LW absorption processes in the substrate,

which makes the actual cutoff wavelength uncertain.

For the calculations in this study, including responsivity and photoconductive

gain, the wavelength of 8µm is chosen because it is conventionally used as the be-

ginning of the LWIR spectral range and because the absorption measurement is not

noisy at that value giving us more certainty in the calculation. The absorption quan-

tum efficiency (QE) is 12% and 23% for the p-i-n and pBp structure, respectively.

The differences in the the QE value are attributed variations in the growth condi-

tions. Also, the absorber for the pBp design is slightly p-type usually bears better

absorption qualities than the n.i.d n-type absorber of the p-i-n.
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Spectral Response

The spectral response was measured using a Nicolet 6700 Fourier Transform Infrared

Spectrometer (FTIR) with a glowbar infrared source, a KBr beam splitter, a deuter-

ated triglycine sulfate (DTGS) thermal detector, and a Janis research LN2 cooled

pour filled dewar. Results of the devices measured at 77K are presented in normalized

arbitrary units and shown in figure 6.13.

Figure 6.13: Normalized spectral response for the LW PIN and pBp detectors.

Both detectors show long wave response having 0% cutoff wavelengths of approxi-

mately 9.5 and 12µm for the p-i-n and pBp detectors, respectively. The differences in

spectral features and cutoff wavelength are attributed to variations and uncertainty

in growth conditions including source flux ratios and growth rates. Specifically, vari-

ations in the InSb strain compensation layer thickness can significantly affect the

cut-off wavelength in T2SL materials [62].
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Responsivity and Photconductive Gain

Responsivity was measured for the two detectors at 77K as a function of bias. The

gain-efficiency product was calculated from the formula: Gη = R(hc/λ) and the gain

was isolated by factoring out the estimated QE from the absorption measurement.

The responsivity as a function of bias is shown in figure 6.14.

Figure 6.14: Bias dependent responsivity of the PIN and pBp detector

The pBp detector has a saturated responsivity of approximately 1.25A/W for the

pBp detector and the p-i-n detector is lower with a value of approximately 0.75A/W .

The primary difference is the bias dependence in which the p-i-n has a weak depen-

dence for the bias range measured and the pBp has a strong dependence for the low

bias range but then saturates at ∼ 0.09V .

The gain was then calculated using the gain-QE and dividing out the QE using

the absorption-QE determined shown early. This assumes that the QE is not bias

dependent. The gain for the two devices are shown in figure 6.15. for the p-i-n

detector, the gain was determined to be ∼ 1 − 1.2, which fits the expected value of

unity with some experimental error. The pBp detector varies from ∼ 0.2 to ∼ 0.88
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from a bias of 0V to 0.09V and saturates at ∼ 0.88 for the rest of the bias range

measured. The data collected in this study is shown below in Table 6.2.

Figure 6.15: Bias dependent photoconductive gain for the LWIR T2SL PIN and pBp
detectors at 77K.

Table 6.2: LW PIN and pBp detector summary

Detector
Abs. QE @

8µm

Cut-Off
Wavelength

(µm)

Responsivity
@ 100mV

(A/W)

Gain @
100mV

PIN 0.12 9.5 0.75 1

pBp 0.23 12 1.25 0.88

The p-i-n detector exhibited a PC gain of ∼ 1 as expected for a photodiode. For

the pBp detector, the bias dependence was expected to be similar to the behavior

exhibited in figure 6.9 for the detector with one blocking contact and one ohmic con-

tact which produced a gain greater than unity. But this was not the case as observed

in figure 6.15 which shows a gain less than unity indicating the pBp photoresponse

117



Chapter 6. LWIR nBn, pBn, and pBp Detectors

is similar to that of a photodiode. The slightly lower gain can be explained by de-

creased collection efficiency that results from hindered photocurrent as indicated by

the necessity for a slight applied bias.

Using the mathematical definition of PC gain described earlier in the discussion

we can analyze what the value of gain for the pBp detector suggests about its op-

eration. Drift is presumably not the primary mechanism for which the carriers are

collected since most of the applied bias is designed to fall across the barrier and not

the absorber. Plus, uncertainty in the electric field across the absorber makes it

difficult to estimate the drift transit time. Based on the gain of 0.88, the estimated

mobility-lifetime product is 6.6× 10−7cm2/V . The expected mobility-lifetime prod-

uct based on literature [88, 96] is on the order of 10−5cm2/V . Thus, the mobility or

carrier lifetime for this particular detector must be lower than previously reported

T2SL materials.

In Conclusion, a LWIR p-i-n and pBp detector based on the InAs/GaSb super-

lattice material system were fabricated and tested. The material quality was tested

using XRD, absorption QE was determined using FTIR transmission measurements,

spectral response was measured, and responsivity was determined using a calibrated

blackbody. The gain for the pBp detector was shown to be lower than unity sug-

gesting that the pBp detector will not contribute to over filling of the charge wells

of ROICs and are suitable for high temperature operation and low NETD of focal

plane arrays.
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Summary, Conclusions and Future

Work

This dissertation has discussed single-unipolar infrared detectors designed for MWIR

and LWIR. Background was provided describing the history of infrared detection and

imaging along with status and trends of infrared detector technology as well areas

of focus for research. The techniques for designing, material growth, fabrication and

testing were also discussed in detail. Different kinds of semiconductor heterostructure

designs were outlined and compared to those being studied here as well.

7.1 MWIR and LWIR Heterostructure Detectors

The work presented here described studies regarding variations of single unipolar

barrier designs including nBn, pBp, and pBn in antimonide based material systems.

The effect of varying barrier parameters were investigated for MWIR InAsSb/AlAsSb

based detectors, absorber doping conditions and barrier doping were studied for

MWIR T2SL based detectors, a comparison of LWIR T2SL nBn and pBn behavior

119



Chapter 7. Summary, Conclusions and Future Work

was presented, and photoconductive gain was studied for a LWIR T2SL pBp detector.

In the InAsSb nBn study, the AlAsSb barrier composition and doping were in-

vestigated. A total of four designs were made that included two different barrier

compositions and two different doping conditions. All four designs required an ap-

plied bias to achieve the maximum photoresponse. The design with the lowest dark

current and required the smallest applied bias had a barrier closely lattice match to

the GaSb substrate and had a n.i.d. barrier. Though the designs with the n-type

doped barrier had very similar dark current performance with better responsivity,

giving one of the barrier doped samples the best D*.

The MWIR nBn study looked at the effect of the doping level in the absorption

layer. The best performance was achieved with a n.i.d. doped absorber. The dark

current density was significantly increased with increasing the n-type doping concen-

tration in the absorber. This was attributed to mis-alignment of the absorber and

barrier valence band, forming a well to trap photocarriers and encouraging tunneling

and G-R current. To remedy this, the barrier was lightly doped n-type to shift the

barrier band structure down. This allowed diffusion limited current to be achieved

down to 150K.

The LWIR study investigated the difference in operation between pBn and nBn

architectures as well as studied the photoconductive gain in a pBp architecture. The

nBn design was found to have a lower dark current and the pBn design but required

a large applied bias (∼ 0.4V ) due to a large valence band offset in the top contact.

The pBn, which should operate much like a p-i-n diode still required an external

bias as well (∼ 0.2V ) which was attributed to a valence band offset at the barrier.

The pBn also exhibited an interesting temperature dependence, requiring a higher

bias (∼ 0.4V ) at 150K, which was explained by a change in the carrier type of the

absorber at 140K. Where as the nBn designs kept a stable temperature dependence.

The pBp design was found to have a gain of ∼ 0.88. This lower than unity gain

120



Chapter 7. Summary, Conclusions and Future Work

suggests less than ideal photo-carrier extraction efficiency.

7.2 Future Work

As regards the work presented in this dissertation, future work includes investigating

the variation in photoresponse of the MWIR InAsSb nBn detectors, Further opti-

mization of the MWIR T2SL nBn detector, adjusting the contact layer parameters

of the LWIR nBn and pBn designs, and optimization of the LWIR pBp design. For

instance, the InAsSb nBn detectors exhibited different photoresponse behavior be-

tween the devices doped with silicon and the devices doped with tellurium. It needs

to be understood if the photoresponse of the InAsSb absorber material was altered

by the different doping impurities or if other growth conditions caused the variation.

For the MWIR T2SL nBn detector, additional doping conditions need to be tested

for the barrier to further improve dark current operation. The dark current behavior

of the LWIR nBn and pBn detectors are still quite far from other T2SL designs.

It is noted that the other designs incorporate a double barrier configuration which

appears to be necessary for narrow bandgap LWIR detectors. A future design would

include a bottom n-type contact with a wider bandgap which would create a situation

similar to the pBiBn detector. Also, optimization of the barrier doping is required

to decrease the required externally applied bias. For the pBp design a comparison of

the InAs/AlSb barrier with that of the M structure would be beneficial to determine

the optimal barrier material. Also the cause for the low activation that was observed

in all the T2SL detectors needs to be investigated.

In general T2SL detectors have yet to break through the Rule 07 barrier. With

heterostructure engineered devices, however, they have come close. But still, if T2SL

detectors were operating as they are predicted, they would easily surpass the per-

formance of HgCdTe detectors. The significant problems that remain, as described
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by many scientists in the field, is the limitation of G-R and surface leakage current.

To overcome these problems, various barrier detector designs have been created, and

novel passivation schemes have been developed but have not achieved the desired

performance. Various uncertainties still remain concerning T2SL detector material

growth and fabrication. For instance, behavior of different dopant materials, defects

and trap energies that lead to SRH G-R, and surface states that develop during

processing. Additionally, newer material systems that are showing promise, such as

the gallium free InAs/InAsSb superlattice which has been shown to have long carrier

lifetimes need to be developed for detector operation.
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A Detailed Detector Fabrication Instructions
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Detector Fabrication

This appendix gives a detailed description of the basic procedures for fabricating

detectors in the KIND group.

A.1 Sample prep/cleaning

Samples prior to processing generally are very clean, however, they can accumu-

late dust from handling X-ray diffraction (XRD) measurements, Photoluminescence,

and/or Nomarski microscopy. A general method of clean is as follows

• Rinse in acetone ∼30s - 5min (soaking or spraying)

• Rinse in methanol ∼30s - 5min (soaking or spraying)

• Rinse in isopropanol (IPA) ∼30s - 5min (soaking or spraying)

• Inspect under microscope

• If necessary, use acetone gun
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• Re-inspect

• If necessary, use oxygen plasma descum

• Re-inspect

• Other more extreme methods exist but will not be discussed here

Oxygen Plasma Descum Notes

• O2 plasma descum technique requires the use of the table top reactive ion etcher

(RIE) in the base and acid bench bay

• An O2 plasma asher is also available for such purposes

• The table top RIE is equipped with O2 and CF4

• During this step, only O2 will be used

• Settings for the RIE are:

– Power = 100W

– O2 pressure = 100mTorr

– Time ∼ 5 - 10 min

• However, parameter adjustments may be made as needed

Oxygen plasma descum RIE operation procedure

• The table top RIE unit is always on

• Turn off the vacuum by placing the soln switch in the off position

• Turn on the vent by placing the vent switch in the on position
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• Open the lid, you may use the window port as a handle, note: the lid is rather

heavy

• Place the sample anywhere on the surface, no need to tape down

• Close lid, and turn off vent switch

• Purge cycle: Turn of vacuum, open vent, wait 5sec, close vent, open vacuum

and wait for pressure to stabilize

• Turn on Vacuum (soln switch) and wait for the pressure to drop ( 1min)

• When the pressure has stable (∼-0.01mTorr, the value is negative due to cal-

ibration issues) open the O2 value by flipping the O2 switch, and wait for the

pressure to stabilize

• Use O2 knob to adjust the O2 flow until the desired pressure is achieved

• Turn on the Plasma by flipping the plasma power switch, quickly adjust the

power to the appropriate setting if it is not already

• Use timer to monitor time

• Turn off plasma power when desired time is reached

• Turn off O2 and wait for pressure to stabilize

• Purge cycle: Turn of vacuum, open vent, wait 5sec, close vent, open vacuum

and wait for pressure to stabilize

• Repeat 2 more times

• Close vacuum, open vent, and open lid when completely vented (∼1min)
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A.2 Photolithography

Coating sample with photo resist

• Spin coat the sample with HMDS if necessary (experience has shown his not

to be necessary for GaSb based samples unless sample is coated with SiN or

SiO2) and bake at 150C for 30sec

• Completely cover sample with Desired photoresist and spin coat at 4000 rpm

for 30sec, increase or decrease spin as necessary to tune thickness

• Remove edge bead by carefully cleaning edge of sample with moderately ace-

tone soaked alpha swap (or Q-tip)

• Bake at 90C for 90sec

• Allow sample to cool (∼30sec - 1min)

Mask alignment

• Have mask ready, may need to clean mask ahead of time by rinsing with Ace-

tone/Methonal/IPA

– For more rigorous cleaning, ask someone about using PIRANHA

• Place mask on the mask holder in the aligner and turn on vacuum to hold mask

in place

• Put mask holder in the slot above the sample chuck

• Slide out the sample chuck and carefully place the sample on it (If not pro-

cessing a whole wafer, I like to put a corner of the sample in the middle of the

chuck to use a reference to help with theta alignment)
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• Push the sample chuck back in place and carefully raise the chuck into contact

position, readjust the z position if necessary (I watch for fringes to appear on

the sample just as contact is achieved, this indicates that the sample is making

contact)

• Put the aligner into separation mode and position the corner thats located in

the middle of the chuck such that it is roughly aligned

• Move the microscope to one of the samples extremes and move only the theta

knob to get as closely aligned as possible, then move the scope back to the

middle and adjust only the x and y knobs

• Repeat until sample is satisfactorily aligned

• Set the exposure time to the desired setting, put aligner in contact mode, make

sure sample did not shift while doing this and expose

Positive resist versus image reversal resist

• If using positive tone photoresist go straight to development

• If using image reversal resist, do the following

– Let sample sit a few minutes to allow nitrogen to escape (this formed from

a chemical reaction during exposure)

– Bake sample at 112C for 1 min

– Let sample for cool

– Flood expose sample for 30sec

– Now sample is ready for development
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Development

• If using positive tone photoresist, make a 1:4 dilution (Water:Developer) of the

AZ 400K developer, sometimes there is a bottle of the premixed dilution

• Develop for approximately 50sec - 70sec

• The time varies depending on exposure time, age of developer etc. A calibration

development may be desired

• Rinse in the water baths on the bench for ∼30sec - 1 min in each bath and

then dry with nitrogen gun

• If using an image reversal resist, make a 1:5 dilution of the developer

• Develop for ∼17 - 35sec

• Rinse in water and dry

• Finally, inspect under microscope, if pattern is as desired, proceed to next step,

if not, clean off with solvents and repeat complete photolithography procedure

• If pattern is as desired, photolithography is complete

A.3 Etching

Etching can either be done using dry etching or wet etching. Below are listed some

details of the different techniques concerning what gases and chemicals are available

at CHTM.

Dry etching

• ICP (inductively Coupled Plasma)
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– Available gases

∗ BCl3 (boron trichloride)

∗ Cl2 (chlorine)

∗ Ar (Argon)

∗ N (nitrogen)

• RIE (Reactive Ion Etching)

– Available gases

∗ O (Oxygen)

∗ Ar (Argon)

∗ CF4 (Tetrafluoromethane)

∗ CHF3 (Trifluoromethane)

Wet etching

Wet etching was not used or studied extensively so the list here is rather slim.

• H3PO4 based solution (Phosphoric acid)

• HCl based solution (Hydrochloric acid)

• Many others that will not be discussed here

Details of ICP dry etching

• ICP dry etching utilizes the PE01 system in the first bay

• The recipe used for etching InAs/GaSb based superlattices and other anti-

monide based materials is the InP etching recipe labeled Zia InP
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• The recipe has not been optimized any further, but has worked ok thus far

• ICP recipe details

– BCl3 flow: 35 sccm

– Chamber pressure: 2.5 mTorr

– Temperature: 25 C

– ICP power: 500 W

– RIE power: 90 W

ICP dry etching procedure

• Log in to TIP and ICP

• Turn off ion gauge

• Vent the load lock (takes ∼3min)

• While load lock is venting, mount patterned sample on sapphire carrier wafer

using mung

– Various techniques exist for this, I suggest having an experienced user

show you

– Other research groups at other institutions use other substances for mount-

ing samples for dry etching, we havent investigated any

• When load lock is vented, open load lock door and wipe seam with IPA soaked

tech wipe

• Load carrier wafer with mounted sample onto ICP arm

• Close load lock, and begin load lock vacuum
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• The procedure from here depends if you are using the automatic mode of the

manual mode

RIE dry etching details

• RIE etching can be done with either PE02 (third bay with acid and base

benches) or PE05 (second bay with the metal evaporators)

• RIE is generally used to do oxygen plasma descum (PE02) or Si3N4/SiO2

etching (PE05)

• The recipe for Si3N4 and SiO2 etching utilizes CF4

• RIE SiO2/Si3N4 etching recipe details

– Ar flow: 3%

– O2 flow: 3%

– CF4 flow: 72%

– Power: 150W

Acid and base wet chemical etching

• Advantages over dry etching

– Possibly shorter process time

– Superior dark current performance

– Expensive high vacuum equipment not needed

• Disadvantages over dry etching

– More care must usually be taken for safety because of the acids and bases

involved
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– More careful calibrations must be performed

– Wet etching tends to produce a lot of undercutting making small devices

difficult to create

HCl etching recipe

• Chemical composition: 1 : 1 : 2, HCl : H2O2 : H2O

• Remember to start with water and add other ingredients to it

• Measure amount of desired water

• Add peroxide to water

• Add acid to peroxide and water mixture

• Etch rates tend to vary due to the age of the constituent materials, temperature,

etc., so calibration of etch rates is necessary

H3PO4 etching recipe

• Chemical composition: 1 : 2 : 20, H3PO4 : H2O2 : H2O

• Same instructions for mixing as described for the HCl solution

• Again, etch rates vary so calibration etches are needed

• Typical etch rate ∼0.08µm/min

A.4 Passivation/Encapsulation

• Passivation: A protective layer that chemically reacts with the device surface

to prevent surface leakage current
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• Encapsulation: A protective coating that does not necessarily chemically mod-

ify or react with the surface

• Passivation or encapsulation is used to protect the surface of the device (pri-

marily the sidewall surface) in order to prevent degradation and surface leakage

current

• The most common forms of passivation/encapsulation methods we use include

SiN, SiO2, and SU-8

• Other methods of passivation include treatment with various forms of sulfur,

but those will not be discussed here

Passivation pretreatment

• Prior to passivating devices, a pretreatment of the detector side walls is rec-

ommended

• This is typically done with an acid dip

• Here are 2 common recipes that are used

– HCl:H2O (1:10) dip for 30 sec

– H3PO4 : H2O2 : H20 (1:2:20) dip for 15 sec

• The HCl solution is low risk in that it does not etch or etches the detector

material very slowly. It only etches oxides

• The Phosphoric acid solution does a good job of cleaning since it actually etches

material; it can remove the outmost layer of the device that was potentially

damaged during the dry etch step. However, since it etches, it poses a risk at

etching the device too much
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Si3N4 and SiO2 deposition

• SiN or SiO2 can be coated using either chemical vapor deposition (CVD),

plasma enhanced chemical vapor deposition (PECVD), and electron beam

evaporated deposition

• Regular CVD is too hot to be used with our devices (∼800C !) so PECVD and

e-beam deposition are the methods of choice for us

• Of these two, PECVD has been used more, this is somewhat arbitrary but it

has been the primarily method for various reasons including quality of material

and availability of equipment

• PECVD can be done either at the CHTM cleanroom or at the CINT (Center

for Integrated NanoTechnologies) cleanroom

• The procedure described here is for the CHTM cleanroom

PECVD Procedure

• Close the vacuum valve

• Turn on the nitrogen purge and wait for the chamber to be vented

• Open the chamber and wipe the sample stage and chamber seam with an IPA

soaked tech wipe

• Place a silicon carrier wafer on the stage and place the sample on the carrier

wafer as close to the middle of the stage as possible

• Close the chamber lid, close the nitrogen purge and slowly open the vacuum

valve
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• When the vacuum has stabilized (∼0.080Torr) open the nitrogen purge valve

for 30sec and then close it and wait for the vacuum to stabilize

• Repeat this 2 more times

• Turn the RF control panel and the power for the heater

• Set the heater to 190C and wait, this will take 2 hours to warm up and

stabilize

• When temperature is settled, open the gas valves and set their flow rates one

at a time in the order of nitrogen, ammonia, and finally silane

• The flow rates for the gases for SiN deposition are

– N2 20 sccm

– NH3 100 sccm

– SiH4 20 sccm

• The pressure should be 850–890 mTorr

• The N2 flow can be adjusted to help maintain this

• The flow rates for the gases for SiO2 deposition are

– N2 40 sccm

– N2O 160 sccm

– SiH4 20 sccm

• The pressure should be 760–800 mTorr

• Turn on the stage rotation

• Turn on the RF power and run it for 1 min at 50W then ramp it to 70W, when

about a minute is left to the deposition slowly ramp the power to 50W
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• The deposition rate for Si3N4 is 17nm/min

• The deposition rate for SiO2 is 15nm/min

• When the deposition is completed, turn off the RF power and close the gas

valves

• Turn off the stage rotation

• Turn off the heater, the heater control, and the RF control panel

• Allow the chamber to cool to at least 100C or lower

• Repeat the purge cycle 3 times

• Open the nitrogen valve

• Close the vacuum valve and wait for chamber to vent

• Open chamber and remove sample

• Wipe down chamber, close lid and open vacuum valve again

SU-8

• SU-8 is a polymer and a negative tone photoresist that is used for permanent

structures

• SU-8 is sometimes applied in the final step of device fabrication to coat the

sample sidewalls and create a passivation or encapsulation layer

• Similar materials such as polyimide have been used as an encapsulation mate-

rial as well

137



Appendix A. Detector Fabrication

A.4.1 SU-8 Procedure

• Set one hot plat at 65C and another to 95C ahead of time

• Clean sample using previously described cleaning methods

• Treat sample surface using either the HCl or H3PO4 recipes, or some other

method, described earlier

• Thoroughly rinse sample

• Spin coat sample at 4000 rpm for 30sec with SU-8 using one of the available

varieties

– 2007

– 2002

– 2000.5, recommended

• Bake at 65C for one minute and then at 95C for one minute

• Note that this two step process is recommended but I have used just 90C for

2 minutes and the results were satisfactory

• Align and expose CI2 (405nm) for 2.5sec

• Post exposure bake, repeat the pre-exposure bake

• Use non-diluted SU-8 developer

– Note that the SU-8 developer is re-usable and is not a standard developer

stocked in the cleanroom; so save it after you use it. There should be

a container of used SU-8 developer sitting on the self in the developer

bench, just dip the sample in it and replace the lid when you are done.
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A.5 Metal evaporation

Electron beam evaporation

• Metal evaporation is generally used to create electrical contacts on devices

• The typical recipe we use for ohmic contacts for the superlattice detectors is

500Å of Titanium (Ti) followed by 500Å of Platinum (Pt) and finally 3000Å

of Gold (Au)

• Ti makes a good electrical and adhesive contact, Pt serves a diffusion barrier

to block Au atoms from intermixing with the device, and the Au layer is for

making electrical contact with external bonding techniques

• However, many other recipes/combinations exist that are regularly used

– The QDIP group uses a form of Ge/Au/Ni/Au for GaAs based devices

– For under bump metalization (UBM) use Ti/Ni/Au (500Å/2000Å/500Å)

Electron beam evaporation procedure

• Samples must first be patterned (usually with an image reversal photoresist)

• Next it is recommended that they are dipped in the 1:10 HCl : H2O solution

for 30sec to remove any oxides on the surface

• Log in to the metal evaporator TIP account

• Turn off ion gauge

• The vacuum process is currently set to automatic

– Switch the vacuum system to standby and wait for Cryo valve to close,

you can check this by looking at the valve behind in the chamber
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– Switch the system to vent and wait for door to open, this will take ap-

proximately 6 minutes

Thermal evaporation

• Thermal evaporation is generally used in our group for evaporating thick (∼

3µm) layers of indium for indium bumps required for hybridization

• Another commonly thermally evaporated metal is aluminum

• The primary difference between thermal and electron beam evaporation is that

the means in which the material being evaporated is heated

• In thermal evaporation, the source metal is placed in a tungsten boat or con-

tainer with wings on either end that get clamped to the electrodes in the

vacuum chamber

• electrical current is driven through the electrodes and consequently the boat

with the metal heats up when a sufficient amount of current is applied

A.6 Abbreviated Single Pixel Detector Fabrica-

tion Procedure

• Clean sample surface

• Pattern using positive tone resist photolithography for mesa etching

• Etch pattern using ICP BCl3 recipe

• Clean sample again

• Coat with encapsulation method of choice
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• If Si3N4 or SiO2 was used, etch with RIE using the CF4 recipe

• Pattern using image reversal resist photolithography for metal evaporation

• Perform diluted HCl dip to prep sample surface

• Deposit contact metal and perform liftoff

• Sample is complete and ready for testing
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Figure A.1: Single pixel detailed processing recipe
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A.7 Abbreviated Focal Plane Array Fabrication

Procedure

The simplified steps for fabricating a focal plane array is illustrated in figure A.2.

Figure A.2: Focal Plane Array processing recipe diagram
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