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ABSTRACT

HIGH-OPERATING-TEMPERATURE (HOT) INFRARED DETECTORS BASED
ON ANTIMONIDE HETEROSTRUCTURES

Melih KORKMAZ
Department of Physics
Eskisehir Technical University, Institute of Graduate Programs, June 2022

Supervisor: Prof. Dr. Ugur SERINCAN

In this study, InAs/InAsSb based p-i-n and nBn detector structures were designed
for mid-infrared region detection. The designed detector structures were grown on GaSb
substrates by molecular beam epitaxy technique. By changing parameters such as growth
rate, flux modulation and substrate vendor, crystal quality of the grown structures were
monitored. The dark current and spectral responses of the detectors were evaluated by
fabricating single pixel devices. In addition, recombination mechanisms and localized
states in the absorber and barrier layers were investigated using the photoluminescence
technique and the results of the experimental studies were presented.

With the radiometric approach, parameters affecting system performance such as
well fill, dynamic range and bit losses were investigated foran InAs/InAsSb based imager
at different scene temperatures. Detector parameters such as quantum efficiency, noise
equivalent temperature differences and pixel non-uniformity were considered in the

analysis.

Keywords: InAs/InAsSb superlattice, Molecular beam epitaxy, Infrared detectors.



OZET

ANTIMONI COKLUYAPI TABANLI YUKSEK SICAKLIKTA CALISAN (HOT)
KIZILOTESI DEDEKTORLER

Melih KORKMAZ
Fizik Anabilim Dali
Eskisehir Teknik Universitesi, Lisansiistii Egitim Enstitiisii, Haziran 2022

Danigman: Prof. Dr. Ugur SERINCAN

Bu calismada, orta kizildtesi bolgesinde algilama yapmak amaciyla InAs/InAsSb
stiperdrgii malzeme sisteminin kullanildigi p-i-n ve nBn dedektdr yapilar1 tasarlandi.
Tasarlanan dedektor yapilart molekiiler demet epitaksi teknigiyle GaSb alttas iizerine
bliyiitiildii. Biiyiitme orani, alttas, aki modiilasyonu gibi parametreler degistirilerek kristal
kalitesine olan etkileri incelendi. Uretilen dedektér yapilarimin tek piksel aygit
fabrikasyonu yapilarak, karanlik akim ve spektral tepkileri incelendi. Ayrica
fotoliiminesans teknigi kullanilarak sogurucu ve bariyer katmanlarindaki rekombinasyon
mekanizmalar1t ve lokalize durumlar arastirildi ve deneysel g¢alismalarin sonuglari

sunulmustur.

Radyometrik yaklasim ile farkli sahne sicakliginda bir InAs/InAsSb dedektor igin
kuyu doluluk miktari, dinamik aralik ve bit kayiplar1 gibi performansa etki eden
parametreler incelenmistir. Yapilan analizlerde dedektore ait kuantum verimi, gurdltiye
esdeger sicaklik farki ve piksel homojensizligi hesaplamalarda g6z Oniinde

bulundurulmustur.

Anahtar Sozcikler: InAs/InAsSb stiperorgii, Molekiiler demet epitaksi, Kizilotesi
dedektor.
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1. INTRODUCTION

1.1. The Motivation

I11-V group semiconductor infrared photodetectors are high performance detectors
that can detect at multiband/multicolor and can generally be operated at high speeds.
Since they often operate at liquid nitrogen temperatures, the required cooling system
increases both the cost and the physical size of the existing imaging systems. This,
therefore, increases the power consumption and added an extra volume to the platform to
be used. The development of small size detecting system is possible by the production of
infrared detectors operating at high temperatures. This can be achieved by designs having
low dark current at elevated temperatures.

In the past 15 years, studies on type Il superlattice (T2SL) material system showed
that it is a strong candidate for the third-generation infrared photodetector technology.
High operating temperature (HOT) ability of this material system had not been showed
until barrier infrared detector design was proposed by Maimon and Wicks [1]. This kind
of structures block the diffusion of the majority carriers from the contact layers and
significantly decreased the dark current level compared with the standard pin diode.
Barrier structure with n-type absorber can also be used to suppress surface leakage dark
current (lack of passivation processes) [1]. Many groups have been demonstrated their
novel barrier detector architecture such as nBn [2], XBn [3], pMp [4] and CBIRD [5] to

aim of improving the signal/noise ratio and operating at high temperatures.

CB: Conduction Band
Defect states in the band gap

Defect states in the CB

See IndsSh
------------------------ C
EI
----------------------------- HH,
Inds Inds
InAs/InAsSb Superliattice Inds/GaSbh Superlattice

Figure 1.1. Defect states in InAs/InAsSb superlattice and InAs/GaSb superlattice material [http-1].

In spite of their ability to operate at high temperatures [6], multi-color operation [7-
8], InAs/GaSh T2SL structures have not reached their ultimate potential [9]. As shown in

Figure 1.1, native defects (especially in the GaSb layers [http-1]) in the superlattice period

1



acts as recombination centers in the band gap and increase the intrinsic carrier
concentration which are responsible for the limited minority carrier lifetimes (~40-100
ns) and diffusion lengths in SL materials [10,11]. In order to overcome these problems,
many research groups have been tried to find a solution by using Ga-free material system
such as InAsSb and InAs/InAsSh.

For nearly 40 years, InAs/InAs1.xSbx superlattices system has been considered as
an alternative for the I11-V based infrared detectors [12-19]. Carrier lifetime studies on
this material system has been shown that Ga-free material systems have longer minority
carrier lifetime than that of Ga-based superlattices’ [20,21]. This enhancement can
improve electrical performance of infrared detectors with diffusion-limited dark current.
Considering that the HOT infrared detectors are limited by diffusion dark current,
InAs/InAsSb materials system may be solution for the higher BLIP temperature. In order
to increase the signal/noise ratio of the detector at high temperatures, absorption
coefficient of the active layer material and diffusion length of the photo carriers must also
be high. Preliminary theoretical studies on the absorption coefficient and diffusion length
[22] of the Ga-free based material system have not been pessimistic. It has weaker
absorption coefficient than that of Ga-based superlattice’s and most importantly the low
hole mobility in the growth direction would result in short diffusion length. These
drawbacks would lead to reduced collection of the photo-carriers and also decreased
quantum efficiency. However, latest published works on Ga-free based barrier structures
have shown that this material system may have high quantum efficiency under LWIR
[17] and MWIR/LWIR [18] dual band operation. Ting et all showed that under the certain
conditions, hole conductivity effective masses along the growth direction can be smaller
than the band-edge effective masses and large LWIR superlattice hole splittings that can
lead to reduced scattering [23]. Therefore, above-mentioned two events offer to reach

high quantum efficiency at LWIR region, in contrast to theoretical expectations.

1.2. The Outline

In this thesis it is aimed to grow and develop InAs/InAsSb T2SL based barrier
infrared detectors for high operating temperature at mid infrared region. Within the scope
of the thesis, detector design, epitaxial material growth, device fabrication and electro-
optical characterizations were performed. In addition, the performance of an InAs/InAsSb

T2SL based imaging system was evaluated using a radiometric approach.



In Chapter 1, a brief information about superlattice infrared detectors is given. In
the next section, different detector technologies are explained and the development
process of the T2SL detectors is summarized with examples. In Chapter 3, the
experimental methods used in the thesis are mentioned. In Chapter 4, p-i-n and nBn
detector structures are designed and characterization studies of the preliminary material
growth for p-i-n diode are examined. In Chapter 5, material growth and characterization
results of nBn detectors are shared. In Chapter 6, performance of the InAs/InAsSh
superlattice based nBn MWIR infrared detector has been investigated by radiometric and
electronic modeling in a near-realistic infrared imaging system. Finally, Chapter 7

presents the concluding remarks and future works.



2. SUPERLATTICE BASED INFRARED DETECTOR TECHNOLOGY

2.1. Infrared Detectors

An infrared detector is a device that reacts and detects infrared radiation. Infrared
detectors are used in daily life in fields such as automotive, spectroscopy and medicine,
as well as in astronomical observations and military applications where high technologies
are used (Image 2.1). Since performance of the infrared imaging systems has critical role
in efforts to gain superiority in the field of battlefield, defense applications have played a
significant role in the development of infrared detectors. On the other hand, progress in
advanced material fabrication techniques have allowed production of high-performance

infrared detector with small sized and large pixel formatted and low power consumption.

The Trapezium Region Infrared View
Orion Nebula Gemini South/TReCS

Image 2.1. Applications of infrared imaging systems: (a) astronomical observations [24] (b) medical
thermography [25], and (c) detection and tracking of the military targets [http-2].



Depend on the detection mechanism, infrared detectors could be divided into two

main categories as thermal detectors and photon detectors.

2.1.1. Thermal Detectors

The thermal detectors respond to absorbed infrared radiation by changing the
temperature of the detector element. This temperature change causes measurable physical
properties change such as resistance, voltage, capacitor, mechanical displacement etc.
[26]. Golay cells (mechanical displacement), bolometers (resistance) and pyroelectric
(capacitor) detectors and thermopiles (voltage) can be given as example of thermal

detectors.

The early days of the thermal detectors were unusable for the imaging system. But
with the development of microfabrication technique, thermal detectors (e.g. a-Si, VOx
microbolometers) can be produced as mass production with large image formats
(1280%x1024) and small pixel pitches (12 -17 um, [27]). The fact that microbolometers
can work without cryogenic cooling and have a low noise equivalent temperature
difference (NETD) value (<30 mK, [http-3]) are the main reasons for their preference in
terms of cost and performance. Image 2.2. is an example showing the technological level

of today’s uncooled thermal detectors.

Image 2.2. (a) Microbolometer structure with reduced pixel sizes [27] and (b), (c) images were taken from
the 1280x1024-12 um pixel size uncooled VOx microbolometer infrared detector with < 30 mK
[http-2].

2.1.2. Photon Detectors

The photon detectors are based on semiconductor materials which absorb photons
and generates photocarriers. The semiconductor material has energy gap which
corresponds to forbidden energy difference between the valence band and the conduction

band. If a photon has enough energy to excite a carrier at an energy state or energy band
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to the conduction band, the photon is absorbed and can be detected. However, if the
photon has no energy to promote, the photon passes through the material. Since the
photon absorption mechanism does not need to heat the entire detector element, photon
detectors respond in a short time than the thermal detectors. So, photon detectors are
preferred in applications where high-speed detection and imaging is required.

The photon detectors are divided into two groups: photoconductors and

photovoltaics.

2.1.2.1. Photoconductive Detectors

The photoconductive (PC) detector responds to photons by changing the resistance
or conductance [26] of the semiconductor. As shown in Figure 2.1, the photoexcitation
occurs at band to band transitions (intrinsic, PbS, PbSe, HgCdTe) or between the impurity
energy levels in the energy gap (extrinsic, Ge:Hg, Ge:In, Si:As, Si:P) [28]. The cut-off
wavelength (A¢) of the intrinsic PC is equal to the band gap of the semiconductor material.
By applying the impurity doping process to the host material, it is possible to detect lower
wavelengths as well (Si:P (Ac = 29 um), Ge:In (Ac = 120 um)) [26].

intrinsic extrinsic

! v Lm, T EC
R

Figure 2.1. Photoexcitation process via band to band (intrinsic) and between the impurity state and band
(extrinsic) [28].

When the incident radiation falls on the detector (@), photocarriers (electrons and
holes) are generated and they swept-out to the contact layers by applying the external bias
(VB). For PC detectors, biasing circuit must be utilized to measure the magnitude of the
output signal (Vo) (Figure 2.2) [26].



Figure 2.2. Photoconductor biasing circuit: V, : Output voltage, RL: load resistor, Vs: DC bias voltage
and &q: the photon flux incident on the PC detector. [26].

2.1.2.2. Photovoltaic Detectors

Basically, photovoltaic detectors are made by continuous crystalline semiconductor
with a p-type and a n-type regions. The photon generates electron and hole pair at the
junction of the p-n materials and then they are swept out to the contact layers by internal
electric-field. This structure, called the photodiode, produces voltage or current at the end
of the photon absorption process (Figure 2.3). By inserting undoped (i) or low doped ()
regions in the junction (as in p-i-n diode structure), the amount of the output signal can
be increased. Depend on the device design requirements, photodetectors could be as a
form of p-on-n or n-on-p, mesa or planar structure and also bulk material or

heterostructure (such as superlattice).

(a) (b) (0 (d)
Incident current |
radiation
Front contact—» I ILY_Y_Y Y 0 . Electric field
p-type ‘: Dark current
) i
X, ' -
Depletion region{ [£98996660091 " J.L%' Photocurrent Voltage
P g ‘L 20c0eeeesesl, ., : = ngAD
i S
n-type r‘ i ‘ [Numinated
]
|

Back contact —» —ﬁ +d

Figure 2.3. (a) p-n junction structure, (b) band alignment, (c) electric-field distribution and (d) current-
voltage characteristics of the diode under illuminated and dark condition [29].

The Si, GaAs, Ge, InSh, InAsSb, InGaAs, HgCdTe semiconductor compounds can
be given as an example of photodiode materials and their energy gaps are listed in

Table 2.1. The band gap of the material depends on the temperature and its composition.



The pressure, temperature, electric-field and magnetic-field affect the band gap of the

semiconductor structure [30].

Table 2.1. Example of photovoltaic detector materials and their band gap energies at T=300 K.

Material Energy Band Gap (eV)
Si 1.12
GaAs 1.43
Ge 0.66
InSb 0.17
INAs1-xSbx 0.417 - 1.28x10™T - 2.6x107T?- x(0.902 + 10°T?) + 0.72x?
Hg1xCdxTe -0.302 + 1.93x - 0.81x% + 0.832x3 + 5.35x10%(1 - 2x)T

2.2. Brief History of Type Il Superlattice Detectors

A superlattice is a periodic structure that individual layer thicknesses are several
nanometers. In a few nanometers thick superlattice structure, electron and hole
wavefunctions overlap between the adjacent thin layers and form the conduction and
valence miniband, respectively. The difference between conduction miniband and

valence miniband corresponds to the band gap of the superlattice (Figure 2.4).

Conduction miniband

Valence miniband

Figure 2.4. Miniband structure created by the type 1l InAs/GaSb superlattice wave-functions.

With the development of the crystal growth techniques such as molecular beam
epitaxy (MBE, in 1960s) where material thickness can be controlled at a few monolayers,
it has become possible to grow of superlattice structures. Both theoretical and

experimental studies on I11-V superlattice semiconductors were started at the 1970s [31-



33] and Leo Esaki’s valuable studies on superlattices at that time formed the basis of the
today’s antimonide based superlattice structures.

The first infrared detector proposal was made by Smith and Mailhiot using the type-
Il InAs/GalnSb superlattice structure in 1987 [34]. They suggested that it would be
possible to design a detector which was capable of sensing in the 4-25 um infrared region,
simply by changing the individual layer thicknesses and the ternary alloy composition.
Also, it was emphasized that InAs/GalnSb superlattice material system is superior
electrical properties due to much larger electron effective mass than that of the HgCdTe
material system (for the 10 um detection). Their study showed that the electron effective
mass of the superlattice system was large enough to reduce tunneling currents and also
small enough to give good electron mobilities and diffusion length for the high

performance photodetection [34].
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Figure 2.5. Photoresponse spectrum: Effect of the change in InAs layer thickness for a fixed GaSb layer
thickness (40 A) [36].

In the late 1990s, thanks to the production of the commercially available GaSh
substrates, Sh-based Type-I1 superlattice materials began to be grown lattice matched to
the GaSb substrates [35]. The GaSb substrates paved the way for the production of
infrared detectors with fewer crystallographic defects and high performance. Considering
the potential of the superlattice detectors to operate in a wide infrared spectrum range

(Figure 2.5, [36]), studies on this material system were increased in many national



research laboratories (Hughes Research Lab., Naval Research Lab., Los Alamos National
Lab., Air Force Research Lab., Jet Propulsion Lab., Fraunhofer-Institute) and universities
(Univ. of Hlinois, Northwestern Univ., Univ. of New Mexico, Montpellier Univ. etc.).
The superlattice detectors with p-i-n diode were experimentally shown to work in MWIR
[37], LWIR [38] and VLWIR [39] regions. In 2004, a high performance InAs/GalnSb
superlattice focal plane array (FPA) with 5.3 um cutoff was demonstrated in Germany
(AIM, Fraunhofer Institute) (Image 2.3, [40]).

Image 2.3. An image belongs to 256x256 pixel format SL FPA (NETD: ~11 mK, F/2) [40].

In 2006, researchers from the University of Rochester suggested a new detector
structure named as nBn [1]. As shown in Figure 2.6 (a), a typical nBn detector structure
consists of high band gap barrier layer, absorber and top/ bottom contact layers. The
barrier layer blocks the majority carriers and allows the flow of the minority carriers to
the contact layers. The most important contribution of the barrier is the suppression of the
Shockley-Read-Hall (SRH) mechanism in the absorber layer by attracting most of the
electric field in the structure with its large band gap. Since the SRH dark current is
suppressed, the total dark current is lower than that of the p-n diode (Figure 2.6 (b)). This
makes the nBn detector to have higher sensitivity compared to the p-n diode at the same
operation temperature. In addition, its low dark current allows it to operate at higher
temperatures (Figure 2.6 (b)).
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Figure 2.6. (a) Typical band alignment of nBn detector structure (b) comparison of the dark current in
p-n diode and in nBn detector [41].

Although the nBn detector design was first proposed for the InAs and InAsSb bulk
materials [1], it inspired many research teams to design new detector structures called
barrier infrared detectors (BIRD). By using the successfully band-gap engineering with
the 6.1 A family (InAs, GaSb, AISb) materials, new superlattice barrier layers
(e.g. InAs/AISb superlattice as a hole barrier, GaSb/AISb as an electron barrier)
compatible with the InAs/GaSb superlattice absorber layers were designed such as
CBIRD [5], pMp [6], pBiBn [42], XBn[3] structures. The performance of the barrier
infrared detectors at high operating temperatures has approached the values of MCT
detectors. As shown in Figure 2.7, barrier detector performs close to the RoA value of the
MCT at high temperatures (>150 K) [43]. Thanks to the higher operating temperatures
compared to the p-i-n diodes, the cooling need of the infrared detectors reduced. This
paved the way for the production of cooled infrared detectors that are smaller in size,

lighter and consumes less power.
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Figure 2.7. Comparison of the RoA value of the standard InAs p-n diode and barrier diode. Rule 07 line
shows the temperature dependent RoA value of the MCT detector at the same wavelength [43].

The pMp detector structure designed by Center for Quantum Devices is one of the
detectors that can be given as an example of HOT detectors operating in the MWIR region
(Image 2.4). BLIP temperature and specific detectivity of the detector was 150 K and
1.5x10% Jones (77 K), respectively [6].

Image 2.4. Images from the pMp HOT MWIR detector at different operating temperatures[6].
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HRL Laboratories developed dual band superlattice based FPAs under the VISTA
program (Image 2.5). NETD values for MWIR and LWIR bands were measured as 27.44
and 27.62 mK, respectively. HD-format (1280%720, 12 um pixel pitch) detector was
tested over 2000 thermal cycles and no degradation in the pixel operability and NETD
values were observed [44]. This study is of great importance in terms of seeing that it is
technologically possible to produce superlattice detectors in high pixel format with dual

band operation.

Image 2.5. 1280 x 720, 12 um pixel pitch dual band superlattice FPA images [44].

Image 2.6 shows the images (at 150 K) taken from the 1k x 2k, 5 um pixel pitch
MWIR detector developed by HRL Laboratories. Pixel operability and quantum
efficiency (without anti-reflection coating) was higher than 99.9 % and 60%, respectively

[45].

Image 2.6. An image obtained at 150 K with 1k x 2k, 5 um pixel pitch FPA [45].
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In spite of the InAs/GaSb T2SL detectors operates at high temperatures, this
material system suffers from the native defects acting as recombination centers, especially
in the GaSb layers. Native defects in superlattices increase the residual background carrier
concentration and reduce minority carrier lifetimes to levels of 40-100 ns [10-11]. This is
one the of the main obstacles for improving high temperature operating performance. In
order to improve the electrical performance of barrier infrared detectors, it is necessary
to reduce diffusion dark currents with higher minority carrier lifetime (z). The diffusion
dark current (hole diffusion from the n type absorber) due to minority carrier generated
by the Auger 1 mechanism can be defined as

n? d 2.1)

where q is an electron charge, niis the intrinsic carrier density, Np is the donor density, d
is the absorber thickness and 7 is the minority carrier lifetime [46]. InAs/InAsSh
superlattice material system has attracted attention as an alternative for the InAs/GaSbh
material system due to its longer minority carrier lifetime. In time resolved PL
experiments, minority carrier lifetimes of the MWIR and LWIR superlattices were
measured to be ~10 ps [47] and 400 ns [48], respectively. The carrier lifetime obtained
for the MWIR superlattice was close to the that of the MCT materials. This improvement
has increased the studies on the barrier detector with InAs/InAsSb materials, especially
in the MWIR region. Table 2.2 shows the performance results of the InAs/InAsSb based

infrared detectors published in the literature.

Table 2.2. Electro-optical performance results of the InAs/InAsSb superlattice detectors.

Ac Jdark D*
Structure QE (%) Ref.
[um] (Alcm?) (cmHZz%5/W)
nBn 10 54 (7.9um)  4.4x10% (77 K) 2.8x10 [17]
5.1 45 (4um 1x107 (77 K 8.2x10%12
BN (4um) (77 K) (18]
95 40 (7um)  5.7x10% (77 K) 1.64x10%
nBn 537  52(45um)  4.5x10%(150 K) 3.10%(150 K) [49]
pBn 4.4 47 1.16x105(150 K)  7.11x10™ (150 K) [50]
1x1019(100 K)
nBn 4.8 35 - [51]
5x106(150 K)
nBn 4.8 60 (4.4 um) 2x107(130 K) - [52]
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Image 2.7 is taken from the InAs/InAsSb based HOT superlattice detector
developed by the Jet Propulsion Laboratory [49]. NETD values for 160 K and 170 K were
measured as 18.7 and 26.6 mK, respectively. The pixel operability is 99.7% (99.6%) at
160 K (170 K). At 150 K, the quantum efficiency is ~52% (at 4.5 um) and 4.5x10° A/cm?.

Image 2.7. The image was taken from the MWIR InAs/InAsSb FPA (640x512, 24um) [49].
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3. EXPERIMENTAL METHODS

In this chapter, experimental methods used in the production and characterization
of detector structures grown within the scope of the thesis are explained.

3.1. Epitaxial Material Growth

The molecular beam epitaxy (MBE) is a material production technique that allows
controlled crystal growth at the atomic level under high vacuum condition. This technique
can be used in the production of bulk materials (HgCdTe, InSh), as well as the growth of
low dimensional materials such as heterojuctions (quantum well and superlattices),

guantum dots and nanowires.

Image 3.1. An image of Veeco Gen20MC molecular beam epitaxy system in Nanoboyut Research
Laboratory.

Image 3.1 shows the MBE system used in the growth of the InAs/InAsSh
superlattice detector structures. In the Veeco Gen20MC system, dual filament SUMO
cells are used for Gallium (Ga), Indium (In) materials and standard dual filament cell for
Aluminum (Al) material. Valve controlled cracker effusion cells are used for Arsenic (As)
and Antimony (Sbh) materials. Silicon (Si) and Beryllium (Be) materials were used as
dopant atoms by using the single filament effusion cell. Substrate temperatures were

measured by an IRCON pyrometer calibrated against the GaSb (1x3)—(2x5) surface
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reconstruction transition temperature, which was observed at 418 °C under the antimony

overpressure conditions.

3.2. Photoluminescence

Photoluminescence (PL) is a technique used to examine the electronic properties of
materials. In this process, material is illuminated by a laser and the carriers are excited at
their allowed energy levels as result of the absorption of the beam. Later, they return to
the ground state by emitting a beam with lower energy than the radiant energy that excites
them.

The PL is widely used in semiconductors to investigate properties such as band gap,
defect and impurity states or allowable energy levels (quantum well and quantum dots)
and material composition. Depend on the penetration depth of the laser beam, it is

possible to obtain information from the different layers of semiconductor structure.
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Figure 3.1. Step-scan based PL measurement configuration used in experiments.

Within the scope of the thesis studies, the PL technique was used in the
determination of the band gap of the superlattice samples, investigation of the localization
states and growth calibrations. During the mid-wavelength infrared PL measurements,
step-scan based PL measurement was used to eliminate the thermal background and
increase the signal to noise ratio (Figure 3.1). During measurements, samples were
mounted into a closed cycle Helium cooled cryostat with ZnSe window and excited with

632 nm Helium—Neon laser (20 mW) at a frequency of 5103 Hz. Band-pass infrared filter
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was used to block the stray light of the excitation laser along the optical path where the
PL signal was collected by liquid-nitrogen cooled MCT detector. Intensity based

measurements were performed by using the beam attenuator.

3.3. X-Ray Diffraction

X-ray diffraction is a non-destructive characterization technique based on the
diffraction of X-rays by materials. Thanks to this technique, it is possible to have
information about the structural properties of the crystalline materials such as
composition, thickness, crystal quality, roughness etc.

For the growth calibrations, determination of the period thickness and lattice
mismatch of the InAs/InAsSb superlattices, Panalytical X’Pert Pro MRD system was
used. High resolution X-ray diffraction rocking curve measurements were performed

around GaSb (004) symmetry axis with 0.0005° precision.

3.4. Spectral Response
Spectral response measurements were made by using a Bruker Vertex 80V Fourier
transform infrared spectrometer to learn the wavelength range in which the infrared

detector operates (Figure 3.2).
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Figure 3.2. Spectral response measurement setup.
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The raw spectrum of the detectors was corrected by using spectrally flat the DIaTGS
detector’s spectrum. As for the responsivity measurements and quantum efficiency
calculations, a calibrated blackbody source (at 450 °C), lock-in amplifier (SRS-SR850),
mechanical chopper, current pre-amplifier (SRS-SR570) and voltage source were used.
Temperature dependent measurements were carried out by using closed-cycle He cooled

cryostat.
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4. EPITAXIAL GROWTH OF InAs/InAsSb SUPERLATTICE MWIR
DETECTOR STRUCTURE ON GaSb SUBSTRATE

4.1. Material Design

4.1.1. Determination of Constituent Superlattice Thickness

InAs/InAsSb SL material system is commonly grown on commercially available
GasSb substrates. InAs and InAs1xSbx (x > 0.09) layers effect the net strain on the grown
crystal as tensile and compressive strains, respectively. To control the net strain and
crystal quality during the growth process, individual layer thicknesses and their
compositions must be adjusted for strain balanced condition. Constituent SL layer
thicknesses (tinas and tinassh) and antimony (Sh) concentration (Xsp) have been determined
by using the Equation (4.1) [53] where acasb, ainas, and ainsp lattice constants are 6.0954,
6.0584 and 6.4794 A, respectively. This equation gives the condition for the average
lattice parameter of one period of the SL that is lattice match with the GaSb substrate.
Figure 4.1 shows the variation of SL layer thicknesses as a function of Sb content for

short-periods of strain-balanced InAs/InAsixShx SLs.

Period
—
_ (9%asp — Anas\ (tinas + tnassp) 4.1)
tinassp = — :
QAinsp — Anas Xsb

Layer Thickness (A)

Antimony Concentration X,

Figure 4.1. Change of the layer thicknesses as a function of Sb concentration for short-periods of strain-
balanced InAs/InAs;.«Shx SLs on GaShb substrate [53].
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4.1.2. Selection of the SL Components for Higher Optical Absorption

InAs/InAsSb type Il SL system grown with correctly selected layer thicknesses
provides strain-balanced condition, as discussed above. One of the important figure of
merit of the infrared detectors is quantum efficiency. Absorption ability of the type 1l
InAs/InAsSb SLs are very sensitive to the wave function overlap due to their indirect
transition nature. To meet requirements for enhanced quantum efficiency, the layers
should be selected for higher wavefunction overlap situation. However, Sb composition
in the InAsSb material and SL period thickness limit the optical properties of SL. Figure
4.2 shows the calculated wavefunction overlap and cut-off wavelength for strain-balanced
InAs/InAsSb SL for four different SL periods [1]. In MWIR region, to increase the
wavefunction overlap for a certain bandgap, or cut-off wavelength, the period thickness
should be thin with higher Sb contents in the InAs:xShx layer. For a constant period
thickness, increasing Sb mole content in the InAsSb layers of the SL will increase the
carrier confinement in the layers. As a result, overlap of the wavefunctions between the
electron and hole state become weaker [54].

When designing these structures, the choice of the Sb composition is also critical
issue for reducing the unintentional Sb incorporation to the InAs layers. SL layers are
mostly grown at low growth rates (0.3-0.5 ML/s) and growth duration of a single period
can take a minute. In this strain-balanced design, 5.1 nm period thickness and 30% Sb
composition has been selected in order to enhance absorption (expected absorption
coefficient is ~4046 cm™ [54] for 70% overlap) and to minimize Sh incorporation to the
InAs layers. After the preliminary work for absorption layer, conduction and valance band
energy levels have been calculated by Heterostructure Design Studio (HDS).

For InAs/InAsSb based barrier detectors, ternary material AIAsSb [55],
InAs/AIGa(As)Sb [56], InAs/AlAsS/INAs/INAsSh [18] and InAs/AlAsSb/InAs/AlAsSh/
InAs/InAsSb [57] superlattice structures were used in order to block majority carriers and
allow the flow of minority carriers. However, barrier layers can only be used as an
electron potential barrier due to the energy alignment of the absorber regions (for MWIR
and LWIR detection).
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Figure 4.2. Calculated cut-off wavelengths and wavefunction overlaps as a function of antimony
concentration, covering the MWIR region at 150 K, for strain-balanced InAs/InAsSb SL for
four different SL periods [53].

In barrier superlattices where high band gap AlSb materials are used, position of
the superlattice’s conduction band and valance band can be adjusted by the thickness and
composition of the AISb and the InAsSb layers, respectively. The AlSb divide the InAs
layer where the electrons are located and then increase the conduction band level. For a
fixed InAs and InAsSb thicknesses, the effect of the AISb material on InAs/InAsSb
superlattice energy bandgap has shown in Figure 4.3. By inserting the two monolayers
AISDb in the InAs layer, it is possible to increase the conduction band level up to 256 meV
for this superlattice configuration. However, this process increases the lattice mismatch
in the superlattice and thus the sample becomes almost impossible to be grown without
defects. Therefore, lattice match or strain-balanced condition must be maintained to

eliminate lattice imperfection along the grown crystal.
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Figure 4.3. The effect of the AISb on lattice mismatch and energy levels for InAs/InAsSb superlattice.

In the process of designing the barrier region, first the strain-balanced structure was
determined by using Epitaxy program, then the band gap calculations were performed.
To sustain zero valance band discontinuity between the epitaxial regions, InAsSb layer
composition and thickness were kept the same as the absorber layer. AISb was used as a
high band gap material and its thickness was chosen so as not to exceed the critical
thickness (2 ML). The optimum barrier layer structure was decided as a result of
successive X-ray diffraction (XRD) simulations and band gap calculations. Strain-
balanced condition has been obtained using six layered superlattice stack with two thin
AISD layers as shown in Figure 4.4 where the simulated XRD rocking curve was given.
Period thickness of the barrier superlattice is 75 A and the layer sequence is
15 A InAs / 6A AISb / 18 A InAs / 6 A AISb /15 A InAs /15 A InAso7Shos. Once the

barrier superlattice was determined, band gap calculation have been done.
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Figure 4.4. X-Ray diffraction model of electron barrier superlattice.

Result of the band gap calculation for the optimum barrier superlattice is shown in
Figure 4.4. With the incorporation of AISb layers to the superlattice, conduction energy
level increased up by 213 meV at 77 K. The calculated band gap and its conduction band
off-set between the absorber layer are about 514 and 212 meV, respectively at 77 K. The
valence band discontinue is about 1 meV. Compared to the examples in the literature
[18, 57], this barrier height is suitable for the nBn photodetector structure.

Absorber Layer Barrier Layer
T T T T T T T T T T T T T T
28 F InAs/InAs Sb, . - |- InAs/AlSb/InAs/AISb/InAs/InAs  _Sb .
GOA/ISA) (15A/6A/18A/6A/15A/15A)
al 1 L AlSb  AISb |
20 F 1 r —
1.6 |- 91 r -
<)
% L
<12k 4 F .
P
=] L
S
@ 0.8 91 r -
0 b b
i 1 [InAs, S InAs _Sb. .1
0.4 'I“ASU 7Sb03 InAsmeM— - s 4:‘27me(1./3_
229 meV
00~ ] — 14 r [} o
L3meyv L—— 1 Y A N N ) S— P
04 L InAs | B InAs InAs InAs |
20.8 I I A I A [ R R R |
020 40 60 0 20 40 60 80
Thickness (A) Thickness (A)

Figure 4.5. The energy levels of the absorber and barrier superlattice regions at 77 K.
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4.2. Material Growth and Characterization

The barrier layer was restructured to meet operational requirements of the targeted
infrared detector and reduce the calibration processes. Since both absorber and barrier
layer have similar base materials (InAs and InAsSb), the calibration process started with
growing the InAs/InAsSb superlattice (SL) samples.

tInAs tInAs Sb

> time (s)
Figure 4.6. Shutter sequence during the growth of InAs/InAsSb superlattice layers.

All epitaxial growths were carried out by using a solid-source Veeco Gen20
molecular beam epitaxy (MBE) system equipped with valved arsenic (As) and antimony
(Sb) cracker cells, together with gallium (Ga) and indium (In) dual filament effusion cells.
Substrate temperatures were measured by an IRCON pyrometer calibrated against the
GaSb (1x3)—(2x5) surface reconstruction transition temperature, which was observed at
418 °C under the antimony overpressure conditions. In order the evaluate crystal quality
and detector performance, InAs/InAsSb superlattice samples were grown as a p-i-n
structure. SL structures used in this study consists of the following layers: a 500 nm p+-
GaSb (Be doped) bottom contact, a 220 period of InAs/InAsSb superlattice. The pin SL
region, in particular, is composed of 60-periods p-type, 100-periods undoped and
60-periods n-type InAs/ InAsSb SL layers. Figure 4.6 shows the shutter sequence during
the growth of the InAs/InAsSb superlattice layer. In and As flux were kept fix all of the
growth duration and Sb shutter was opened for the InAsSb layers. Superlattice growths
were performed at 450 °C.

For optoelectronic characterization, test diodes were fabricated using
photolithography and citric acid-based solution. Top and bottom ohmic contacts
(5hm Ti/150nm Au) were evaporated by e-beam deposition technique and SU-8
passivation was applied during the diode fabrication. Square shape test diodes with

variable side lengths were used in the course of dark current and optoelectronic

25



measurements. Spectral photoresponse and step-scan based PL measurements were
carried out by using a Bruker Vertex 80 V Fourier transform infrared spectrometer. For
PL measurements, samples were mounted into a closed cycle Helium cooled cryostat with
ZnSe window and excited with 632 nm Helium—Neon laser (20 mW) at a frequency of
5103 Hz. Band-pass infrared filter was used in order to block the stray light of the
excitation laser along the optical path where the PL signal was collected by liquid-
nitrogen cooled MCT detector. As for responsivity measurements, SR570 low noise
current preamplifier and calibrated blackbody source operating at 450 °C were used.

In this growth study substrate vendor and growth parameters were evaluated in two
sets. Superlattice samples were grown on GaSb substrates supplied by Semiwafer (named
as S-Series samples) and WaferTech (named as W-Series samples) company. Low and

high growth rate Indium (In) were used for the S and W series samples, respectively.
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Figure 4.7. Characteristic X-ray diffraction patterns obtained from first calibration SL sample grown to

determine the low-Indium growth rate.

Figure 4.7 shows the characteristic x-ray rocking curve diffraction patterns obtained
from the first InAs/InAsSb superlattice calibration sample used to precisely find low In
growth rate. Period thickness of the superlattice sample was found to be 51.5 A by
calculation from the distance between the satellite fringes. Later, growth rate of the In
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material was calculated from the dividing the total thickness of the one period of the
superlattice by the total growth time of the one period of the superlattice. In the second
superlattice sample, growth times for the individual layers were adapted to targeted
thicknesses. In order to define the Sb composition in the second calibration sample, XRD

simulation was performed by using Epitaxy program (Figure 4.8).
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Figure 4.8. Diffraction pattern and simulation curve belongs to second SL sample grown to find Sh content

in the InAsSb layers.

In the simulation, the period thickness of the superlattice was found to be 51.5 A as
close as the targeted value. However, Sb percent in the InAsSb layer was found to be
(81.7%) higher than the value (70%) that provide the strain-balancing condition. After
the preliminary calibration works were carried out, a new set sample was grown to meet
the strain-balanced condition. In this batch, samples were grown on GaSh wafers supplied
by Semiwafer company. Systematically changed in the lattice mismatch between the
superlattice 0™ peak and GaSh (004) peak are shown in Figure 4.9(a). Targeted layer
thicknesses, Sb composition and strain-balanced condition were met in the sample called
“S4” (Figure 4.9(b)). In order to evaluate grown crystal/wafer quality and photodiode
performances of first batch samples, defect inspection, photoluminescence (PL)

measurements and devices fabrications were performed.
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Figure 4.9. Strain balancing study: graph (a) presenting the changing the lattice mismatch between the
substrate and superlattice zero order peaks and (b) general view of the diffraction pattern of the

strain-balanced superlattice sample.

For the first batch samples, despite a few numbers of oval defects without cores

were detected on the sample surface (Figure 4.10), PL and optical responses could not be
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observed. Growth-related crystal imperfections such as dislocations, point/oval hillock
defects and spitting of the group 111 materials degrade the performance of the grown
sample. Some of the macro defects extend to the sample surface (spitting cores) and their
densities and morphologies can easily be evaluated by optical and scanning electron
microscopes (SEM). However, most of the dislocations and oval defects cannot be easily

observed in case of being covered under epitaxial layers.

Figure 4.10. SEM image of the oval defect formation on the surface of sample S4. Inset shows 60 kx

magnification of the defect.

In order to delineate crystal imperfections into the superlattice samples, defect
selective etching process was performed. Samples were dipped into the HCI based
selective solution and defect formations and their densities were imaged by using
Nomarski microscope. As shown in Figure 4.11, highly mismatched samples (S1 and S2)
have both oriented micro-defects and oval defects. Despite oriented micro-defects were
not observed on top of the sample surface, they appeared in the later stages of the etching
process. Note that during the growth of S1 and S2 indicated that samples were relaxed as
dislocations due to highly mismatch between the superlattice and substrate. However, no
relationship was observed between the oval defects and the mismatch. For the S series
samples, it is believed that changed growth parameters to meet the strain balance
condition and also residual native oxide from the GaSb substrate caused oval defects.

Since crystal defects act as non-radiative recombination centers and shunt paths that
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degrade the detector performance, PL and optical response could not be observed from

this set.

Figure 4.11. Nomarski microscope images of the investigated samples after 4 minutes dipped into the defect

selective solution.

For the second batch (W-Series samples), flux calibrations were performed for the
high In growth rate and then W1 named sample was grown to determine the Sb
concentration in the InAs/InAsSb SL. Then subsequent sample growths were performed
for both meeting the strain-balanced condition and improving the detector performance.
Each new sample was grown after getting feedback from the investigated sample.
Comparison of the PL spectrum of the W-series is shown in Figure 4.12. Among these
samples, the best optical signal intensity was observed at W2. Though the first sample of
this group (W1) (Aa/a = 1217 ppm) has a PL signal but photo-response could not be
obtained after the device fabrication. In order to observe the effect of the V/III ratio, W2
sample (-1405 ppm) was grown with higher V/I1I ratio than the W1 sample. This effect
increased the luminescence signal about 3.5-fold and first photo-response was observed
from the W2 SL sample during the material quality improvement stage (results of the
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optoelectronic measurements are given in detail below). Later, W3 sample (-545 ppm)

was grown under higher Sb flux than the W2 sample to reduce lattice mismatch.
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Figure 4.12. Low temperature (8 K) step scan-based photoluminescence measurements of W-series
samples. The measured signals belong to W1 and W3 samples were multiplied for easy

comparison.

Temperature-dependent spectral response measurements of the W2 and W3
samples are given in Figure 4.13. Cut-off wavelength (Aw%100) for the W2 and W3 SL
detectors at 80 K were found as 4.6 and 4.9 um, respectively. The high Sb concentration
lifts the valence band of the InAsSb layer and this causes red-shift in the band gap of the
W3 SL sample. Both samples have a comparable photo-response signal level at
corresponding temperatures. While voltage requirement of the W2 detector increases with
the increase in the temperature, W3 detector reaches the highest level at photovoltaic
mode at investigated temperatures (between the 80 and 160 K). As voltage was applied
to the W3 sample (80-160 K), spectrum became noisier due to the fact that the dark
current in the structure increased. At higher temperature (>160 K), W3 sample needed
reverse bias to sustain the high optical response (not shown here). One possible reason of

the voltage demand of the W2 detector may be related to low mobility photo-carriers that
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require an external reverse bias for more efficient sweeping towards the contacts. The
highly mismatched lattice may lead to an increase in the residual carrier density at

intrinsic region of the p-i-n diode and reduce the carrier mobility.
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Figure 4.13. Temperature dependent spectral response of W2 and W3 SL p-i-n structures. Given voltage

values are indicated the maximum optical response obtained at related temperature.

For further comparison of the both detectors’ optical performance, responsivity
measurements were performed by using calibrated blackbody. As shown in Figure 4.14,
the responsivity of the detectors sensitive to the temperature changes under the
photovoltaic mode. Photovoltaic-mode measurements also reflect voltage dependence of
the detector performances. Although both samples have similar responsivity value
(0.41 A/W @4 pm) at 80 K, samples show a different trend with the increase in the
temperature. W3 sample reaches its maximum level at 0.51 A/W (@ 4 pm) at 160 K. On
the other hand, W2 sample exhibits decreasing trend and it dropped down to
0.26 A/IW (@4 pm) at 160 K. In order to better evaluate and compare optical
performances, quantum efficiencies are shown in Figure 4.15. It can easily be seen that
the difference between the quantum efficiency values of the samples increases towards

higher operating temperatures. At 160 K, quantum efficiencies were calculated as 8.1 and
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15.8% for W2 and W3, respectively. More detailed study with temperature dependent

absorption measurements may explain the reason of the increase in the quantum
efficiencies for the W3 sample.
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Figure 4.14 Temperature-dependent responsivities of W2 and W3 SL samples under photo-voltaic mode.
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Figure 4.15 Comparison of the quantum efficiency of both samples at temperatures between 80 and 160K.
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Figure 4.16. (a) Dark current density at 160 K and (b) Arrhenius plot of the samples under 10 mV reverse
bias.

In Figure 4.16(a), dark current densities for the single pixel diodes for both samples
at 160 K are presented. Dark current density values of the W2 and W3 samples were
found to be 1.1x1072 and 20x10° A.cm™ under 10 mV reverse bias, respectively. In order
to investigate the dominant current mechanism in the test diodes, Arrhenius plot of the
dark current densities under 10 mV reverse bias were derived and shown in Figure 4.16
(b). For the high-temperature regime of the W3 sample, an activation energy of ~98 meV
was extracted. This indicates that the defect levels exist near the center of the band gap

(G-R) of the superlattice. Extracted low activation levels (10 and 8 meV) for the both
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samples can be related to surface contribution. Since the MWIR InAs/InAsSbh SL has
degenerate n-type surface states [58], contribution of the surface current to the total dark
current may be more dominant. The difference in the current densities between the
samples is mainly attributed to the comparably higher defect density in highly lattice
mismatched W2 sample (Figure 4.16 (a)).

In summary, for the material development of the InAs/InAsSb based SL MWIR
nBn photodetector, effects of the substrate vendor and growth rates on the crystal quality
has been investigated by using test pin SL structure. Although the best sample (W3) has
a thin absorber layer and still needs optimization of the growth parameters/fabrication
process, it has comparable performance to the similar structures in the literature
(Table 4.1).

Table 4.1. Summary of the performance of the InAs/InAsSb MWIR SL photodetectors at 77 K.

Structure e Jdark QE A.L. Ref.
(Hm) (Alcm?) (%) (Hm)
nBn 5.1 1x107(100mV) 45 (@4 um) 2 [18]
pin 5 1.1x107 (10mV) 39.7 2 [59]
pin 5.1 6.1x10"4(300 mV) 23.3 4.4 [60]
(@2.8um)

pin 5.4 2.1x10*(10mV) | 20 (@4 um) 1 [61]
pin 4.9 7.4x10(0mV) 12.7(@4 pum) 0.5 This work

In order to investigate the effect of the excess group V flux on the superlattice, two
sample (W4-W5) were grown by using InAs-Sb-InAsSb-As flux sequence as shown in
Figure 4.17(b). During the two seconds, Sb and As flux were applied to the InAs—InAsSb
and InAsSb—InAs layer transitions, respectively. Results of dark current and
responsibility measurements of the new samples were compared with the reference W3

sample to evaluate the growth modification.
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Figure 4.17. Shutter sequence during the growth of InAs/InAsSh superlattice layers for (a) reference (W3)
and (b) modified growth (W4-W5).

In Figure 4.18(a), dark current densities for the samples at 80 K are presented. Dark
current density values of the W3, W4 and W5 samples were found to be 5x1073
1.8x107% and 7.6x10° A.cm™ under 10 mV reverse bias, respectively. Even if all samples
have high dark current densities, W4 sample has prominently lower dark current density
than the reference W3 sample. When the optical performances are compared, samples
have the close responsivity values in the similar spectrum (Figure 4.18 (b)).
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Figure 4.18. (a) Dark current densities and (b) responsivities of the reference and test samples at 80 K.

During the growth of the superlattice, As and Sb soak may increase the performance
of the superlattice detectors. However, adding excess atoms between the individual layers

of the superlattice makes difficult to adjust the cut-off wavelength and lattice mismatch.
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The sample W4 was grown by modified growth recipe and it had better performance than
the reference sample. However, the recipe is still needed to be optimized to reach a good
crystal quality and desired detector performance. It should be noted that the feature
observed at around 3.5 pm is due to the water related absorption (thin layer of ice on the

diode’s surface).
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5. EPITAXIAL GROWTH OF InAs/InAsSb BASED nBn MWIR DETECTOR
STRUCTURE ON GaSh SUBSTRATE

5.1. Material Design

In the previous chapter, the experimental results of InAs/InAsSb SL samples grown
as a pin diode were demonstrated (Figure 5.1(a)). After the preliminary calibrations for
InAs/InAsSb SL structure, first test nBn detector structure was grown as shown in Figure
5.1 (b). Reference structure consists of 60-periods n-type (1x10'® cm=) top and bottom
contact InAs/InAsSb SL layer. Absorber region of detector is composed of the 100-
periods n-type (1x10% cm®) InAs/InAsSb SL. Note that InAs/InAsSb SL layers in the
sample has the same individual layers. InAs/AISb/InAs/AISb/InAs/InNAsSb layer
sequence were used for the wide band gap SL barrier region. Period thickness of the
barrier SL region is 75 A. The calculated band gap and its conduction band off-set

between the absorber layer are about 514 and 212 meV, respectively.

TnA=-Si/InAsSb SL (110 cm?y x 60

InAs:SinAsSh ST (1x10%em™) o R TnAs/AISbiinAs/AlSbinAsTnAsSb ST i [Rdl

InAsInAsSh SL == x 100 InAs:SiTnAsSb SL(1x10% cm¥) % 100

InAs/TnAsSbBe SL (1x10¥ em™) p  Raly InAs-SiTnAsSt SL (1x10% cm®) x 60

600nm-GaSb Buffer 600nm-GaSb Buffer

(a) GaSb:Te Substrate (b) GaSb:Te Substrate

Figure 5.1. Schematic drawings of the (a) pin and (b) nBn reference detector structures.

5.2. Material Growth and Characterization

Figure 5.2 shows the characteristics high resolution X-ray diffraction (HR-XRD)
patterns obtained from the nBn detector. The sample has two different diffraction
periodicity belongs to absorber/contact regions and the electron barrier SL layers. Both
SL region had designed to meet strain-balanced condition in the suggested nBn detector
structure. For the absorber SL region (36 A InAs / 15 A InAso7Shos), period thickness
and the lattice mismatch are 50.9 A and 374 ppm, respectively. This small amount of

mismatch value (under the compressive-strain) indicates that the Sb composition in the
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InAsSb ternary material is 1.2% higher than the desired value. For the barrier SL region
(15AInAs/6 A AISb/18 AInAs/ 6 A AlISb/ 15 A InAs/ 15 A InAso.7Sbos), calculated
period thickness (75.5 A) is very close to the targeted value (75 A) but there is a
considerable tensile strain (-3285 ppm). AlSb material has two separate functions in the
barrier SL: it used to increase the conduction band of the barrier SL region and its high
lattice constant increases the average lattice constant of the SL to meet the strain-balance
condition. The possible explanation for the tensile strain in the barrier SL could be AlAs-
like interface zone may form at every InAs—AISb (and also AlSb—InAs) layer
transitions and therefore average lattice constant of the SL is reduced. In the InAs/AlSb
SL crystal structure, they have no common anion or cation atom at the interface zone and
there are two possible natural interfaces could exist as AlAs and InSh. Since the AlAs-
like interface is more stable than the other possible InSb-like interface formation [65],
AlAs-like interfaces could exist in our barrier SLs. The other possibility of the tensile
strain in the barrier material may be related thin AlSb material turns to AIAsSb compound

due to high As background in the chamber.

InAs/InAsSb Superlattice nBn Detector
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Figure 5.2. HR-XRD scan of the nBn detector structure. The data shows the two distinct superlattice
period: the absorber and the electron barrier.
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In our nBn detector structure, high band gap SL blocks the majority electrons and
allows the photocarrier holes to reach the contact layer. In order to investigate the SL
band structures in the grown sample, photoluminescence (PL) measurement was
performed. As shown in Figure 5.3, two distinct band gap regions were observed in the
grown detector structure. PL peak position for the barrier and the low-band gap material
were found to be 2.64 pum (~470 meV) and 4.77 um (~260 meV), respectively. Difference
between the calculated and experimental values may indicate presence of the unwanted
potential barrier or quantum well for photocarrier holes at the valence band. The effect of
the difference will be discussed in the optoelectronic measurement section.
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Figure 5.3. Low temperature (8 K) photoluminescence spectrum for B1 named nBn sample.

Since the high lattice mismatch, unwanted interface formation and changes in the
desired material composition can affect the crystal quality as well as the band gap levels,
every new material growth was performed according to the targeted material design and
operate as a MWIR detector (Figure 5.4). In order to evaluate growth parameters and
develop the desired nBn detector structure, four different detector structures were grown

as shown in Table 5.1.
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Table 5.1. Changes in the detector structures during the material growth.

Sample Structure Information about the grown sample
Bl nBn Reference nBn structure
B2 nBn (i) 20-periods p-type doped barrier layer,

undoped top contact layer

B3 nBn (i) 40-periods p-type doped barrier layer,
undoped top contact layer

(if) 2 seconds As and Sb soaks for the layer
transitions

(iit) V/11I ratio had been increased

W4 pin (i) Reference p-i-n diode structure
(i) Same recipe as the B3 sample was applied
for the InAs/InAsSb SL layers.

B1 B2

0.8

0.6

0.4

Normalized PL Intensity

0.2

0.0 T T T T T T T T '
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Figure 5.4. Photoluminescence spectrum of the nBn detectors at MWIR regions.

For the reference structure (named as B1), period of the SL barrier is 75 A and
calculated band gap is 514 meV at 77 K. Barrier layer and absorber region are same

valence band level and calculated conduction band offset is 212 meV at 77 K. During the
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growth of the material, atoms could segregate the adjacent layers. This movements may
degrade the targeted material composition and fluctuate layer thicknesses in the SL. As a
result, band line-up at the valence band may misaligned and unwanted (i) quantum well

or (ii) potential barrier may formed at the valence band as shown in Figure 5.5.

/

(i)  Valance-band well for holes
(ii) Potential barrier for holes
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Figure 5.5. Unwanted (i) quantum well and (ii) potential barrier formation at the valence band in the nBn
detector structure.

As listed in the Table 5.1, three nBn detector structure were grown. Spectral
responses of the investigated detector structures are shown in Figure 5.6. Sample W3 (pin
diode) is also shown in the same figure in order to compare optical response of the pin
and nBn detector structures. In the previous chapter, it was shown that sample W3 could
operate up to 160 K without external bias in the mid-wavelength infrared (MWIR) region.
The first nBn sample (B1) has very weak response in the MWIR region and most of the
optical signal comes from the barrier SL region which corresponds its fundamental
transition energy levels. When the bias was applied to the sample B1, significant signal
improvement in the MWIR region was not observed. In the voltage dependent
experiments, detector reached the saturation limit and all the optical signal disappeared
due to high dark current level. Main reasons of the low signal in the MWIR were
attributed by high dark current level and possible unwanted potential barrier formation at
valence band (Figure 5.5). Other growth runs (B2 and B3) were conducted in order to
suppress the high dark current level and reduce potential barrier. For this purpose, V/I11
ratio was increased to evaluate the growth-related imperfections and barrier layer was
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doped with p-type dopant atom (Be) to reduce barrier at the valence band. To facilitate
the access to the top contact layer for photo-carrier holes, the thickness of the barrier layer
was reduced. However, in B2 and B3 samples, no MWIR signal were detected. The
collected optical signal comes from the GaSb buffer layer (Figure 5.6). Since the
aforementioned layers (buffer, barrier and absorber layers) have distinct band gap from
each other, they can show themselves in the different regions at the spectrum. Comparing
the signal levels of barrier detectors and pin diode, it was observed that pin diode has
higher optical response. Hence, nBn detectors need higher gain to collect optical signal.
When the bias applied to the nBn detectors in order to test whether the unwanted barrier
formation and collect much more photocurrent, detectors reached the saturation level as
in the sample B1. This high dark current level (2x10“#A/cm?, @80 K) also indicates that
the barrier layer could not reduce the dark current level in the detector and the

photocurrent may probably be overwhelmed by the high dark current.
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Figure 5.6. Optical response of the nBn samples with W3 pin diode (80K).
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5.2. Photoluminescence Measurements for Superlattice Structure Analysis

In order to investigate the localized states in the SLs, temperature dependent
photoluminescence measurements were conducted. The measurements were performed
on B2 and B3 samples which had high luminescence signals and results of the
measurements were shown in Figure 5.7 and Figure 5.8 respectively. For both samples,
blue shift was observed at the low-energy side of the luminescence signal at temperature

between 10-45 K. On the other hand, above 45 K, the tendency to the red-shift was
observed.
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Figure 5.7. Temperature dependent photoluminescence measurement of B2 nBn detector structures. The
red arrow shows the blue-shift in the low energy side of the spectrum.

In order to determine the peak movement of the samples, bi-Gaussian fit model
was used. Since the shape of the luminescence spectrum of the B3 sample was distorted
by COzabsorption, peak analysis could not be performed for this sample. The bi-Gaussian
peak analysis of the B2 sample is presented in Figure 5.9. As seen in Figure 5.9, low
energy side of the peak (w1 region corresponds to transitions between the low energy
levels in the miniband) shows blue shift (10 K <T< 45 K). This trend indicates that the
SL miniband has localized states. The origin of the localized states is attributed layer

thickness and alloy composition fluctuations in the SLs [63-64]. In our materials,
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difference in the expected band gap and mismatch values may point out the existence of

the disordered layers in the SL.
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Figure 5.8. Temperature dependent photoluminescence measurement of B3 nBn detector structures. The

red arrow shows the blue-shift in the low energy side of the spectrum.
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Figure 5.9. The behavior of the low and high energy side of the photoluminescence peak of the B2 sample

according to the increasing temperature.
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On the other hand, laser excitation power dependent measurements were performed
to determine the recombination mechanism in the superlattice band gap. Experiments show
the recombination at 20 K is due to impurity-related recombination processes. This may
indicate why investigated InAs/InAsSb based nBn samples cannot collect the photocurrent
efficiently.

In order to investigate the effect of growth-related fluctuations and determine the
dominant recombination mechanism, excitation power dependent PL measurements were
performed for a previously grown nBn sample (B1). Before the optical measurements,
top contact layer of the sample was etched. Then the sample B1 nBn sample was mounted
into a closed cycle Helium cooled cryostat with ZnSe window and excited with 632 nm
Helium—Neon laser with 1.22 mm beam diameter at a frequency of 5103 Hz. Excitation
power intensity was tuned by using a neutral density filter. The PL signal of the barrier
and absorber region were recorded by liquid-nitrogen cooled MCT detector under step
scan mode.

Asshown in Figure 5.10, PL signals were collected for high band gap barrier region
and low band gap absorber region at 10 K. The measured peak energy wavelengths of the
barrier and absorber are 2.48 pm (~500 meV) and 5 um (248 meV), respectively. In the
design phase, barrier (15/6/18/6/15/15 A InAs/AlSb/InAs/AlSb/InAs/InAso.7Shos) and
absorber (36/15 A InAs/InAso.7Sho 3) regions were designed to be 503 and 312 meV at 77
K. As stated earlier, the discrepancy between the calculations and experiments may
indicate segregation between the neighbor atoms of the thin individual layers.

Separate PL measurements were carried out for barrier and absorber regions. The
result of excitation power dependent PL experiments of the barrier region (absorber
region) is shown in Figure 5.11 (Figure 5.12). In Figure 5.11(b) and Figure 5.12(b),
integrated PL signal was fitted by using the power law | =aL", where | is the PL intensity,
L is the laser excitation power density, a is the emission efficiency and the n indicates the
radiative recombination mechanism. The exponent n ranges from the 1 to 2 for free or
bound-exciton recombination and n < 1 for the impurity-related recombination processes
[67-68].
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Figure 5.10. Device structure of the B1 nBn sample and photoluminescence of barrier and absorber region.
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Figure 5.12. (a) Excitation power dependent PL measurements of the absorber region and (b) integrated
PL intensity as a function of laser power density.

For the measurements at 10 K, the constant n was found as 0.85+0.02 for barrier
region and 0.96+0.03 for absorber region. This indicates that the PL emission in both
regions of the sample is under the impurity related recombination. The PL signal level of
the barrier and absorber region were not high enough to allow temperature dependent
measurements. Therefore, temperature dependent recombination characteristics of the

sample was not investigated.
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6. RADIOMETRIC EVALUATION OF InAs/InAsSb SUPERLATTICE BASED
IMAGERS

6.1. Introduction

Performance of the InAs/InAsSb superlattice based nBn MWIR infrared detector
has been investigated by radiometric and electronic modeling in a near-realistic infrared
imaging system. In this work, the working environment (optical design) and field
environment (atmosphere, temperature, range) of the imaging system were modeled.
While performing the performance analysis, operating wavelength (Acut on, Acut off),
quantum efficiency (1), pixel non-uniformity, noise equivalent temperature difference
(NETD), integration time (tint) parameters of the detector were used. The effect of the
pixel non-uniformity, NETD and quantum efficiency values on the imaging system were

evaluated by analyzing the well fill, dynamics range and bit losses [66-67, http-4].

6.2. Infrared Detector Performance Mode: Well Fill Concept

In semiconductor based infrared imaging systems, the photon detected with focal
plane array (FPA) is transformed into a digital signal by readout integrated circuit
(ROIC). The ROIC consist of capacitors and create a signal by storing a certain number
of electrons within a defined integration time.

The charge capacity of the ROIC of the infrared imaging camera used today is in
the order of million electrons (Me). For example, for an imaging system with 14-bit
output, it is given as a digital value between 0 and 16383 (21-1) depending on the value
of detected optical signal. When the charge capacity or in other words well fill is
completely filled (100%), the digital value taken from the imaging system is 16383.
Depending on the incoming photon flux, the well fill is adjusted by changing the

integration time and in this way, the ROIC is prevented from reaching saturation.

14387.8

Ciqr = 1.88365 x 107,  x=—0"—[um.K]™*
(6.1)
L _ ’[lcutoff Clql [photon]
B Acut on nA*(e* — 1) s.m2.Sr
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Figure 6.1. (a) Schematic view of cooled infrared detector in front of the blackbody and (b) well fill
percentage of the detector depends on the temperature and integration time.

The above mentioned well fill concept can be explained with a simple analytical
model. As shown in Figure 6.1(a), it can be tough that there is a detector placed in front
of a blackbody source with an emissivity (&) of 0.99. Depending on the temperature, the
total incoming photon flux must be calculated for the wavelength range detected by the
detector Equation (6.1) [68]. In this way, radiance can be determined by photon flux per
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unit source surface area, solid angle and second units. Detector parameters such as the
pixel area (Aq), fill factor, solid angle (24etector ST), transmission of optical elements
(cold filter and front window) and quantum efficiency determine how much photon can
be converted as a photo carrier. Equation (6.2) is used to calculate total well fill of the
detector depend on the integration time. Well capacity determines how much electrons
can be stored in the ROIC capacitances. Figure 6.1 (b) shows well fill percentage of the
detector depend on the blackbody temperature and integration time. Lower integration
time increases the detectable temperature range.

By using this simple model, dynamic range of the infrared detector can be
calculated for different integration times. However, optical system, atmosphere and figure
of merits of the detector should be modeled for the performance evaluation of the real

environment imager.

6.3. Infrared Detector Performance Model: Well Fill Calculations

When viewing a scene with infrared imaging system, unwanted heat sources deplete
the charge capacity. Undesirable photon flux makes it difficult to distinguish the target
on the scene. In order to correctly evaluate the performance of the infrared imaging
system, possible signal attenuation effects should be considered in the performance
model. For this purpose, effects coming from the optical components (cold shield, hot
shield, cold filters, hot optics), scene, atmosphere, path and target were calculated
separately and applied to the model [66-67, http-4].

The exitance (M) of a blackbody is expressed by Planck’s equation depending on
the temperature and wavelength. The amount of photons coming from each heat sources

in the model were calculated with Equation (6.3).

Cigr

q
M(T =
(T.2) A(eft —1) Ls. mz.um] (6:3)
14387.8
Cgr = 1883652107, gl =———— [um™] (6.4)

The solid angle of each optical component in the imaging system affects the photon
flux reaching the detector. Depending on the position of the optics in the system, the solid

angle seen by each optical element was calculated by Equation (6.5).
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Qcotasniera = (0 — (0. (1/ 2. fycotashieta)*)))
Qyotshiela = (T — (. (1/(2-f#0ptics)2))) — Ocoldashiela
-QOptics = (m. (1/(2-f#0ptics)2)) — Ocentralobs
Qriter = (M. (1/ 2. froptics) ™))

(6.5)

Irradiance (E, q/(s.m?)) values of hot optics, cold filter, hot and cold shield
components were calculated as follows (Equation (6.6)-(6.9)). Using the solid angle (€,
Sr), emissivity (€), transmission (t), temperature (T) values of each optical component,

the irradiance values were calculated and used in the model.

Az
M(THotOptics' /1) d
- .

1 (6.6)

EHotOptics(Tr /1) = -QOptics f (1 - THotOptics)-TFilter-
Ay

A2
M(T il ) A)
Eritter(T,A) = Qriter J (1 = Triter) %. da (6.7)
Aq
Az
M (Tyotsniera A)
Enotsniera(T, ) = Quotsnieia- EHotshield | Tritter- K - e .dA (6.8)
A1
Az

M (Tcoraniera 1) d
- .

1 (6.9)

Ecotasnieta(T, 2) = Qcoashiela- Ecotdshield f TFrilter-
A
The irradiance value of the ambient, the path, the scene and the target were
calculated separately by the following equations (Equation (6.10)-(6.13)). Except for the
path, all mechanisms are directly affected by the transmission of the atmosphere (Tatmo).
Depending on the weather conditions, the transmission of the atmosphere decreases as
the path length increases. As a result, the value of Epan irradiance increases as the path
length increases, while contributions from the other components (ambient, scene, target
(Dynamic)) to the total irradiance decrease. The path irradiance is a dominant mechanism
that makes it difficult to distinguish infrared emissions of distant objects from the
background radiation [66-67, http-4].

EAmbient(T: )= ﬂOptics- Eambient- (6.10)
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A
M (Tympient> A
( Ambient ) 11

. f Trilter- Tatmo- THotOptics

T
A
Az
M (Tpgip, 1)
EPath(T: /1) = QOptics TFrilter- (1 - TAtmo)- THotoptics Ta .dA (6-11)
Ay
Az
M(TS ) A)
EScene (T; A) = -QOptics- Escene J- Tritter- Tatmo- THotOptics % .dA (6-12)
A4

EDynamic(T' )= -QOptics- Etarget-

Az (6.13)

M(TDynamiw /1)
Vs

f TFilter-TAtmo-THotOptics .dA

Ay

In order to calculate how much charge each mechanism causes in the well capacity
of the ROIC, the detector’s quantum efficiency (1), integration time (Inttime), pixel area
(Adq), well capacity (W) should be considered. By multiplying each radiation component
by the gain constant (Gain), the well fill rates can be calculated by Equation (6.14). The
detectable dynamic range of the target allowed by the system is expressed in terms of the

unused dynamic range [66-67, http-4].
: Aqg
Gain = (100.77.WC) Antiime

WfHotOptics = Gain . Eyotoptics

W fuotshiela = Gain . Eyotshiela

; 6.14
W fratn = Gain . Epan (6.14)

Wscene = Gain . Egcene
Wnynamic = Gain. (EDynamic - EScene)
WfUnusedDynamicRange = (Wnynamic)max - (Wnynamic)min

The total well fill contribution of each component is calculated with the following

equation [66-67, http-4].
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WfTotal = WfHotOptics + WfHotShield + WfPath + WfScene (6 15)

+ Wnynamic... + WfUnusedDynamicRange

The amount of the well fill that cannot be filled due to photon starvation is
calculated by Equation (6.16).

WfPhotonStarve =100 — WfTotal (6-16)

6.4. Infrared Detector Performance Model: Bit Losses

Although the infrared cameras used today give 14 bits output, the dynamic range
that can be used decreases due to the losses caused by both focal plane array and
electronic components. As a result, it causes performance losses in the imaging system.
Pixel non-uniformity at the focal plane array is one of the sources of the bit losses [66].

Inhomogeneous ternary and quaternary compounds, segregation between the
individual layers of the superlattice and quantum well structures, crystal defects, irregular
sidewall passivation of the mesas could be the source of the non-uniformity in pixel
response. For 640x512 format infrared detector, there are 327680 pixels in a focal pane
array and it is difficult to achieve a high-level homogeneity in focal plane array with such
a large number of pixels. Depending on the amount of the inhomogeneity, a dispersion
occurs in the photo-response of the pixels. By applying the non-uniformity correction
process [67], it is ensured that the pixels give similar values at the front of the same
temperature. Even if the pixel values in the image is equalized, the integration time should
be reduced in order to avoid saturation of highly responsive pixels. Therefore, total charge
capacity of the ROIC cannot be used effectively and a decrease in the dynamic range
occurs. Value of the pixel non-uniformity can be calculated by measuring the signal
(voltage, digital value, responsivity etc) distribution of pixels at front of the uniform
photon flux (such as extended blackbody).

Depending on the dispersion ratio, non-uniformity related bit lost (nuloss) and
usable well capacity (W ysqpe) can be calculated with Equation (6.17) and
Equation (6.18). For example, if the nuloss is equal to 0.25, the bit loss is 0.42 bit. For
the total well capacity is equal to 6 Me, usable well capacity is 4.5 Me [http-4].

nubitloss = log(1 — nuloss) /log?2 (6.17)
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Wr usabie = Wr(1 — nuloss) (6.18)

In case of insufficient amount of photons (photon starvation) at maximum limit of
the integration time, charge capacity cannot be filled and in this case bit range cannot
used efficiently (Equation (6.19)) [http-4].

. log (W{Total>
| frotat — 1| > 0.005, Photonstarveloss = — 0/
100 log2 (6.19)
WfTotal |
— 1| < 0.005 0
| 100 - ’

Non-target photon sources reduce the dynamic range. Bit loss caused by the hot

optics, the scene and the path are calculated by Equation (6.20) and (6.21) [http-4].

EtotalLocalfill = EHotOptics + EPath + EScene [Q/(s'mz)] (620)

— Gain
wellfillbitloss = log| 1 — ( 100 ) 48 (Etotauocalfm + EScene) /log2 (6.21)

The remaining bit value (Bitsy,riy) (after the losses brought by non-uniformity,
photon starvation, non-target photon sources and bits lost to the small target compared to
dynamic range (BitLostDyn)) is expressed by the Equation (6.23). ADCyits IS the initial
dynamic range of the system (14 bit) [http-4].

BitLostDyn = log ((Wnynamic
- (Wnynamic)min

- (Wnynamic)min)) /log2

)/((Wnynamic)max (6.22)

Bitsyorinn = ADCyjes + wellfillbitloss + nubitloss
+ Photonstarveloss + BitLostDyn (6.23)
There are bit losses (Bitsnetp) due to the detector’s NETD value. The NETD value
for a detector is a value that can vary depending on the photon flux falling on the detector
and it can be calculated for each ambient temperature. The detailed calculation of the
NETDgffective Value of the system is shown in Appendix [http-4]. Bit loss value caused

by NETD is calculated by App.11.
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dM(T,2) _ c1q2.52.€% [ q ]

dT  T.2*(e¥2 —1)? [s.mZ. pum.K
(6.24)
14387.8 .
dEAmbient -0
d—T = Lloptics- EAmbient-
PR (6.25)
aMm (TAmbient' /1) q
| TFilter- THotOptics T.dT .dA [S.mz. K]

A1

Galn) dEAmbient (6 26)

wellfilINETD = thresholdtoNoise. NET Dgffective- < 100 dT

Bitsygrp = ADCpirs + log(wellfilINETD) /log?2 (6.27)

After the bit losses in the infrared imaging system, the usable dynamic range is
Bitsyaitable [http'4] .

Bitsapaitapie = BitSnofiu — BitSyerp (6.28)

6.5. Performance Evaluation of InAs/InAsSb Superlattice Imager

In order to evaluate the performance limits of the InAs/InAsSb superlattice imaging
system, pixel nonuniformity, NETD value and quantum efficiency of the detector have
been changed systematically. The quantum efficiency (~50 %) and NETD value
(10-20 mK) of the InAs/InAsSb FPA were reported by the researchers [55, 69]. In the
analysis used in this report, three cases where the quantum efficiency ranged from
40 to 80% were examined. The value for the NETD has been changed between the 15 to
35 mK. There is no value reported in the literature for the pixel non-uniformity in the
InAs/InAsSb superlattice FPAs. For this reason, analyzes were made with varying values
in a wide range (5 to 35%). In the graphs of the analysis, the left axis shows the percent

of the well fill and the right axis shows the bit losses and the available dynamic range.
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6.5.1. Effect of Pixel Non-Uniformity on System Performance

The pixel non-uniformity could be related to ROIC electronic, homogeneity
problems at the crystal or imperfections during fabrication process. First of all, depending
on the percentage, usable charge capacity is affected by the non-uniformity (Figure 6.2-
Figure 6.5). Figure 6.5 shows the effect of case of 35% non-uniformity values of the
pixels. Although the ROIC has 6 Me charge capacity, the system can only use 3.9 Me of
it. When the non-uniformity value increases, usable charge capacity decreases and highly
responsive pixels approach saturation. Table 6.1 shows the effects of the bit loss
mechanisms and available bit value depend on non-uniformity presentence. The system
with the lowest non-uniformity value has more available bits and usable well capacity.
Although the system with the lowest non-uniformity value has lowest non-uniformity
related bit loss, this system experiences the highest photon starvation for the integration
time used. Since the system with low non-uniformity does not approach the well capacity
limit, photon starvation can be reduced, and the usable dynamic range can be increased
by increasing the integration time. On the other hand, non-uniformity level also affects

the NETD related bit loss due to its dependence of usable charge capacity.

Table 6.1. Bit losses and available bit range in systems with different non-uniformity (@ 60 K Target
temperature).

Non- ] ] ] Non- Photon Usable Well
. . Bits Bits Bit No . . . .
Uniformity ] ] Unifomity  Starvation Capacity
Available NETD Fill ) )

(%) Bit Loss Bit Loss (Me)

5 10.6444 2.3716 13.0161 -0.0740 -0.6021 5.7

15 10.4430 2.5321 12.9751 -0.2344 -0.4417 51

25 10.2089 2.7126 12.9216 -0.4150 -0.2611 4.5

35 9.9293 2.9191 12.8484 -0.6214 -0.0546 3.9
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Figure 6.2. Effect of 5% pixel non-uniformity on well fill and bit values.
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Figure 6.3. Effect of 15% pixel non-uniformity on well fill and bit values.
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Figure 6.4. Effect of 25% pixel non-uniformity on well fill and bit values.
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Figure 6.5. Effect of 35% pixel non-uniformity on well fill and bit values.
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6.5.2. Effect of Quantum Efficiency on System Performance

The detector with high quantum efficiency is indispensable for the systems
operating at high speeds. Although similar imaging performance is obtained by increasing
the integration time at long ranges, it is difficult to reach high frame rates with low
quantum efficiency detectors. In order to compare the low and high quantum efficiency
cases, integration time has been changed to ensure the same well fill percent in the
analysis. Effects of the quantum efficiency on bit losses and dynamic range are shown in
Table 6.2. In the analysis, available dynamic range (Bits Avail) and bit losses (Bits NETD
and Well fill bit loss) were found to be close to each other for the three different cases.
Detector with low quantum efficiency (40%) has the highest available bit and lowest well
fill bit loss. Since the well fill bit loss mechanism sensitive to the changes of the quantum
efficiency value (Equation (6.21)), less bit loss occurs in detector with low quantum
efficiency. As a result of the analysis (Figure 6.6-Figure 6.8), no significant loss was

observed due to the quantum efficiency.

Table 6.2. Effect on quantum efficiency on available bit range and bit losses (@ 60 K Target temperature).

Quantum Efficiency Bits . ) . Well Fill Bit
. Bits NETD Bit No Fill
(%) Available Loss
40 10.4430 2.5321 12.9751 -0.3486
60 10.2310 2.5321 12.7631 -0.5606
80 9.9824 2.5321 12.5145 -0.8093
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Figure 6.6. Effect of 40% quantum efficiency value on available bits and well fill bit loss.
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Figure 6.7. Effect of 60% quantum efficiency value on available bits and well fill bit loss.
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Figure 6.8. Effect of 80% quantum efficiency value on available bits and well fill bit loss.

6.5.3. Effect of Noise Equivalent Temperature Difference (NETD) on System

Performance

NETD value is one of the most important figure of merits for the focal plane arrays.
This value is basically calculated by dividing the standard deviation of the pixels by
responsivity of the pixels. However, NETD value may vary, depending on the integration
time used and amount of the well fill. The ambient scene (App.8), electronic components
(App.9) and the system (App.10) affect the imaging systems NETD value. In this
analysis, NETD value of the detector has been changed and effects on effective NETD
value and bit losses have been investigated (Figure 6.9-Figure 6.11). Table 6.2 and Figure
6.9, Figure 6.10 and Figure 6.11 show the bit losses and available bit range in imaging
system for different NETD values. For the NETD value of 15 and 35 mK, the NETD bit
loss ranges approximately between the 2 bits and 3 bits. Increasing of the NETD value of
the detector also increase the effective NETD value of the imaging system. As a result,
both available dynamic bit range decreases and degrades performance of the noise

equivalent temperature difference of the imaging system.
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Table 6.3. Bit losses and available bit range in imaging system for different NETD values (@ 60 K Target

temperature).
NETDstd Bits X i i NETD Effective
) Bits NETD Bit No Fill
(mK) Available (mK)
15 11.0573 1.9178 12.9751 21.57
25 10.4430 2.5321 12.9751 33.02
35 9.9954 2.9797 12.9751 45.03

Quantum Eff.: 40 %, NETD: 15 mK, Pixel Non-Uni.: 15 %, Well Cap.: 6 Me

100 T 14
NETD Effective: 21.62 mK
90 - Integration Time: 18 ms
12
80
_ 70 10
z 60 g &
5 >
2 50 g‘
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S 40 [ JUnused Dynamic Range ‘7
2 [ Target Signal A
30 [ IScene "
[ path
20 [ Hot Optics
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20 25 30 35 40 45 50 55 60

Target Temperature [OC]

Figure 6.9. Effect of system NETD value on available bit value and NETD bit loss.
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Figure 6.10. Effect of system NETD value on available bit value and NETD bit loss.
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Figure 6.11. Effect of system NETD value on available bit value and NETD bit loss.
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In this chapter, performance of the InAs/InAsSb superlattice based nBn MWIR
infrared detector has been investigated by radiometric and electronic modeling. The effect
of the pixel non-uniformity, NETD and quantum efficiency values on the imaging system
were evaluated by analyzing the well fill, dynamics range and bit losses. The pixel non-
uniformity considerably reduces to usable charge capacity. It also increases bit losses
(Bits NETD, non-uniformity bit loss) and decreases the available dynamic bit range.
NETD bit losses is a more dominant bit loss mechanism than other bit losses. It consumes
approximately 3 bits in total dynamic range. It has been observed that the change in the

quantum efficiency does not cause any significant loss in bit loss.

6.6. Infrared Detector Performance Model: Wavelength Dependent Parameters

In the previous radiometric model, the wavelength dependent parameters were
atmosphere and cold filter. In the new model, spectral response of the InAs/InAsSh
superlattice MWIR detector has been added (Figure 6.12). In this way, the photon
detection character of the detector was defined depending on the wavelength. This effect
added to the calculation of each radiometric quantity as in Equation (6.29) (Irradiance
(E, q/(s.m?))), solid angle (L, Sr), emissivity (g), transmission (1), temperature (T),

detector spectral response (SRdetector)).

tn

Relative Magnitude

Dectector Response
— Atmosphere 2 km

0 1 1 l Il
3 3.5 4 4.5 5 5.5

Wavelength (pm)

—— Cold Filter

Figure 6.12. Wavelength dependent parameters used in the radiometric model: atmosphere, detector
spectral response and band-pass cold filter.
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A2

M(T'/D.d

E(T, /1) = -QOptics- € TFilter: Tatmo- Toptics: SRdetector A (6-29)

A1

6.7. Infrared Detector Performance Model: Effect of Atmospheric Transmittance
and Path Radiance
The atmosphere has highly complex and dynamic character due to changeable
density, temperature and pressure depend on the altitude. Also, the chemical composition
of the atmosphere varies with the altitude and effects radiation transfer due to molecular
absorption. All these factors could cause losses in the transmittance by affecting the
propagation of the infrared light in the atmosphere (Figure 6.13). In the model, the

corresponding atmospheric transmission was used for each range.

1 T

Atmosphere 1 km
— Atmosphere 4 km
Atmosphere 6 km ||
Atmosphere 9 km

Transmission
o o o
[FS) S~ N

=
b

0.1

3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
Wavelength (pm)

Figure 6.13. Horizontal path transmission spectrum of the MODTRAN® Tropical 5 km Urban Visibility
Tropical Atmosphere for different ranges.

Depend on the altitude and path distance, atmospheric losses could be high and
could consume all emitted radiations from the target. In addition, path radiates to the
environment as much as the loss in the transmission. This phenomenon, which is

expressed as path radiance, is quite dominant in environments where the transmittance is
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low and atmosphere temperature is high. The dependence of path irradiance on the
transmission of the atmosphere and the temperature of the path is shown in Equation
(6.30) [http-4].

EPath(Tr ) = QOptics-

j A2 M(Tpaen, 1) i (6.30)

Tritter- (1 — Taemo)- Toptics- SRdetector -
A1

6.8. Effect of Scene Temperature on System Performance

Radiometric analyses model has been modified to range dependent performance
evaluation of superlattice detector-based imaging system. The effect of the scene
temperature and cold filter type were studied in detail. Analysis results of the imaging
system have been shown depend on the target range (Figure 6.14-Figure 6.17). Table 6.4
shows electro-optical properties of the imaging system used in the analysis.

Table 6.4. Electro-optical system properties for InAs/InAsSb based MWIR imager.

Parameters Value Unit
Cold shield f number 4 -
Spectral range 3.6-48 pm
Detector pitch 15 pm
Maximum integration time 30 ms
NETD 30 mK
Well capacity 6 Me
Pixel non-uniformity 25% -
Peak quantum efficiency 50% -

The scene term was accepted as the environment in which the target is located.
During analysis, difference between the scene temperature and the internal temperature
of the imaging system was accepted as 20 °C. It was assumed that the user increased the
system integration time up to the allowable value (30 ms) to capture the highest signal
during the imaging. MODTRAN® Tropical 5 km Urban Visibility atmospheric model was

used for the calculation.
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Figure 6.14. Effect of scene temperature at -20 °C on well fill and bit values for infrared imager with band
pass filter.
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Figure 6.15. Effect of scene temperature at 0 °C on well fill and bit values for infrared imager with band
pass filter.
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Figure 6.14-Figure 6.17 shows the analysis results of the imaging system with band
pass filter. In the graphs of the analysis, the left axis shows the percent of the well fill and
the right axis shows the bit losses and the available dynamic range. Scene temperatures
were changed between the -20 to +40 °C degrees. Radiometric calculations were made
up to 10 km range. For the -20 and 0 °C scene temperatures, imaging system is integration
time limited and suffers from the photon starvation. Bit losses increase up to 2.5 bit due
to photon starvation (Table 6.5). It is clearly seen that most of the well capacity is filled
by path radiance with the increase in the scene temperature and horizontal range. As the
temperature increases, NETD related bit loss increase. NETD bit loss reached up to
3.68 bit for the 40 °C scene temperature. For -20 and +40 °C scene temperatures,
difference between the effective system NETD value is around 4 mK (Table 6.5).

Table 6.5 shows the results of the calculated parameters at 1, 4, 7 and 10 km.

Scene Temp.: 20 oC, NETD: 30 mK, Int. Time: 14,5977 ms to I30 ms, Well Cap.:I 4.5 Me
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80
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Figure 6.16. Effect of scene temperature at 20 °C on well fill and bit values for infrared imager with band
pass filter.
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Scene Temp.: 40 BC, NETD: 30 mK, Int. Time: 8.1708 ms to 17.6411 ms , Well Cap.: 4.5 Me
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Figure 6.17. Effect of scene temperature at 40 °C on well fill and bit values for infrared imager with band
pass filter.

70



Table 6.5. Dynamic range, well fills and bit losts for InAs/InAsSb superlattice imaging system with band
pass filter.

Horizontal Range Unit

1 4 7 10 km

Scene Temp. (°C) B
Integration time vs Scene Temperature

-20 30.0 30.0 30.0 30.0 ms
0 30.0 30.0 30.0 30.0 ms
20 19.03 26.88 30.0 30.0 ms
40 10.39 14.10 16.31 17.64 ms

Well Fillpah VS Scene Temperature

-20 3.75 6.57 7.53 7.94 %
0 9.64 16.84 19.34 46.43 %
20 13.85 34.12 43.83 46.43 %
40 15.45 36.55 48.77 55.98 %

NET Derective VS SCene Temperature

-20 42.49 42.49 42.49 42.49 mK
0 40.00 40.00 40.00 40.00 mK
20 38.95 38.95 38.95 38.95 mK
40 38.40 38.40 38.40 38.40 mK

Bitsnetp VS Scene Temperature

-20 1.58 1.58 1.58 1.58 Bits
0 2.66 2.66 2.66 2.66 Bits
20 2.95 3.45 3.61 3.61 Bits
40 2.91 3.35 3.56 3.68 Bits

Well Fillpynamic VS Scene Temperature

-20 23.23 9.80 5.00 2.81 %
0 45.66 19.71 10.25 5.84 %
20 52.18 32.47 19.12 11.01 %
40 47.71 29.05 17.96 11.28 %

Bits Available vs Scene Temperature

-20 10.46 9.81 9.49 9.31 Bits
0 10.33 9.76 9.48 9.33 Bits
20 10.23 9.53 9.20 9.07 Bits
40 10.22 9.59 9.25 9.05 Bits

Bit LOSS photon starvation VS Scene Temperature

-20 -1.42 -2.07 -2.40 -2.58 Bits
0 -0.32 -0.88 -1.16 -1.31 Bits
20 0 0 -0.08 -0.21 Bits
40 0 0 0 0 Bits
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7. CONCLUSIONS AND FINAL REMARKS

InAs/InAsSb superlattice based barrier infrared detector structure has been
designed to meet high temperature operation requirements in MWIR region. Energy band
calculations have been performed for the InAs/InAsSb superlattice absorber layer and
InAs/AISb/InAs/AISb/INAs/InAsSb  superlattice barrier layer. The valence band
discontinue is about 1 meV and conduction band offset is about 213 meV at 77 K. The
expected absorption coefficient for the absorber layer is ~4046 cm™.

PL signal and spectral response were not observed in p-i-n diodes grown at
0.1 ML/s growth rate. In order to delineate crystal imperfections into the superlattice
samples, defect selective etching process was performed. It was observed that all samples
had oval defects. In addition, micro-cracks were observed in samples with high lattice
mismatch. On the other hand, the samples grown on Wafertech wafers with ~0.4 ML/s
growth rate showed spectral response up to 160 K. Responsivity (Quantum efficiency)
value of the W3 sample reaches its maximum level at 0.51 A/W (15.8%) (@ 4 pm) at 160
K. It should be noted that the thickness of the absorber layer is approximately 500 nm.
We predict that by increasing the absorber layer thickness, the samples will reach the
quantum efficiency of superlattice detectors in its class. Temperature dependent dark
current measurements show that defect levels exist near the center of the band gap
(~98 meV) for W3 sample. Another extracted activation levels (10 and 8meV) for the W2
and W3 sample can be related to surface contribution or tunneling mechanism.

For the nBn InAs/InAsSb samples, although photoluminescence signals were
observed in both the barrier and the absorber layer, spectral response could not be
obtained in the MWIR region. In InAs/InAsSb superlattice structures, segregation of the
Sb atoms is a known phenomenon. If this event cannot be controlled, this may result in
unwanted potential barrier as well as the formation of defect centers. In order to
investigate the localized states in the absorber superlattices, temperature dependent
photoluminescence measurements were performed. For the samples B2 and B3, blue shift
was observed at the low-energy side of the luminescence signal at temperature between
the 10-45 K. On the other hand, above the 45 K, the tendency to the red-shift was
observed. This trend indicates that the superlattice miniband has localized states due to
the thickness and alloy composition fluctuations in the superlattices. Excitation power
dependent PL measurements analysis indicated that both the absorber and the barrier, B1

sample is under the impurity related recombination. In future work, to improve the
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performance of the InAs/InAsSb based detectors, it is necessary to grow sets of samples
in which the growth temperature, 111-V ratio will be changed. Next, the most appropriate
device process (etching, passivation) needs to be developed.

In radiometric studies, it can be said that FPA homogeneity is an important
parameter that limits system performance, and it can be a critical performance criterion
especially for the newly developed material systems such as InAs/InAsSb superlattices.
In the scenes where the InAs/InAsSh detectors receive low photons, it is seen that as the

distance increases, charge capacity cannot be filled and there is a photon starvation.
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APPENDIX
The following equations were used to calculate different NETD components [66,
http-4].
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