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Abstract

Infrared detectors in 3-5 pm and 8-12 pm regions are extensively used for applica-
tions in remote sensing, target detection and medical diagnostics. Detectors using
intersubband transitions in the quantum dots in a well (DWELL) system for infrared
detection have gained prominence recently, owing to their ability to detect normally
incident light, bicolor detection and use of mature III-V technology. In this disserta-
tion, two aspects of DWELL detectors that make them suitable for third generation
infrared systems are discussed: 1) High temperature operation, 2) Multispectral de-

tection.
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There are two parts to this dissertation. In the first part, an alternate struc-
ture with an improved operating temperature and thicker active region is presented.
Traditionally, DWELL detectors use InAs quantum dots embedded in Ing 15GaggsAs
wells with GaAs barriers. Intersubband transitions in the conduction band of this
system result in infrared detection. InAs quantum dots are grown using self assem-
bly on a GaAs substrate for this system. The strain of the quantum dots and the
Ing.15GaggsAs well limits the thickness of the active region. An improved design that
minimizes the strain in growth of DWELL active region is discussed. By minimizing
the amount of Ing 15GaggsAs in the quantum well, a lower strain per DWELL active
region stack is achieved. This design consists of InAs dots in Ing15GaggsAs/GaAs
wells, forming dots-in-a-double-well (DDWELL) is presented. Optimization using
PL and AFM is discussed. Detectors fabricated using DDWELL design show an
operating temperature of 140 K and a background limited performance at 77 K. A
peak detectivity of 6.7x10'° em./Hz/W was observed for a wavelength of 8.7 pm.

In the second part of this dissertation, multispectral and polarization detectors
using DWELL absorbers are discussed. Integration of a subwavelength metallic pat-
tern with the detector results in coupling of surface plasmons excited at the metal-
semiconductor interface with DWELL active regions. Simulations indicate the pres-
ence of several modes of absorption, which can be tuned by changing the pitch of
the pattern. Enhancement of absorption is predicted for the detector. Experimental
demonstration show spectral tuning in MWIR and LWIR regions and a peak ab-
sorption enhancement of 4.9x. By breaking the symmetry of the fabricated pattern,
we can extract a polarization dependent response, as shown from device measure-
ments. The technique used is detector agnostic, simple and can easily be transferred
to focal plane arrays (FPA). Integrating plasmonic structures on detectors using low
noise DDWELL active regions can provide a higher operating temperature and high

absorption.



The origin of resonant peaks in multispectral DWELL detectors is examined. Use
of surface patterns that selectively excite different types of modes, with absorbers of
different thicknesses, show the presence of enhancement mechanisms in these devices.
A 2.2x enhancement is measured from waveguide modes and 4.9x enhancement is
observed from plasmon modes. Finally, a pathway of integration with FPA and

integration with other infrared technologies is discussed.
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Chapter 1

Introduction

Infrared (IR) radiation is part of electromagnetic spectrum having a wavelength
longer than that of visible light, but shorter than radio waves. Human eye is sensitive
to radiation ranging from 400 nm to 700 nm. The IR region covers wavelengths
between ~750 nm and 1 mm, spanning five orders of magnitude [1]. Any object
with a temperature above 0 K emits electromagnetic radiation as given by Plank’s
law. The spectral radiant emittance (power per unit area per unit wavelength) of a

blackbody is given by

2mhe? 1
he
N exp 35 — 1

W= (1.1)

where W is the spectral radiant emittance, k is Boltzmann’s constant, h is Plank’s
constant and c is speed of light. A plot of blackbody radiation at 300 K is shown
in Figure 1.1. Most objects with temperatures near 300 K emit in the IR and this
forms the basis of IR detection. As imaging is the major application of IR detectors,
transmission through atmosphere plays a crucial role in the development of detection
schemes for terrestrial applications. A plot of atmospheric transmission with wave-

length is shown in Figure 1.2. The presence of several high transmission spectral
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windows has led to concentrated efforts in the development of detectors for these
regions. The IR spectrum is divided into several bands for convenience, as shown in
Table 1.1. In this work, we will confine ourselves to mid-wave infrared (MWIR) and
long-wave infrared (LWIR) regions. For objects close to 300 K, the peak of spectral
radiance falls in LWIR region, while the high sensitivity region falls in MWIR region.

x1()6

Blackbody Radiance (W/m?*um)
N w n v o)} ~ [e¢} O

5 10 15 20 25
Wavelength (um)

Figure 1.1: Radiation from a blackbody at 300 K [2].

Figure 1.2: Atmospheric transmission as a function of wavelength [3].
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Wavelength (pm) Category
0.7-1.0 Near infrared (NIR)
1.0-3.0 Short-wave infrared (SWIR)
3.0-5.0 Mid-wave infrared (MWIR)
8.0-14.0 Long-wave infrared (LWIR)
14.0-30.0 Very-long wave infrared (VLWIR)
| 30-1000 | Far infrared |

Table 1.1: Classification of the infrared spectrum. The type of detectors used in each
band forms the basis of classification.

The prominent applications of IR detection include night vision, thermography,
target tracking, IR heating, trace gas detection and communications. The example
shown in Figure 1.3 illustrates the thermographic image of a dog. The image has been
false-colored with respect to the temperature of the body. Optical communication

systems worldwide use wavelengths in SWIR region for data transmission.

Figure 1.3: Thermographic image of a dog [4].
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1.1 Infrared Detectors

Infrared detectors fall into two classes : Thermal detectors and Photon detectors.

In a thermal detector, incident radiation is absorbed to change the temperature
of the constituent material, and the resultant change in a physical property is used to
generate an electrical output. Thermal effects are generally wavelength independent;
the signal depends upon radiant power but not on its spectral content. In pyroelectric
detectors a change in internal spontaneous polarization is measured, whereas in the
case of bolometers a change in electrical resistance is measured. An advantage of
thermal detectors is that they operate at room temperatures and hence are exempt
from stringent cooling requirements of photon detectors that add to their cost. These

devices, however, exhibit low responsivity and have a slow response time.

In photon detectors, radiation is absorbed within the constituent material by
interaction with charge carriers. The observed electrical output signal results from
changes in the electronic energy distribution. Photon detectors show a selective
wavelength dependence of response per unit incident radiation power. This can be
utilized to obtain spectral information of the image and for multi-color detection.
In general, photon detectors exhibit both an improved signal-to-noise (SNR) and a
very fast response when compared to thermal detectors. To achieve this, photon
detectors require cryogenic cooling. This makes them bulky, heavy, expensive and

inconvenient to use.

Present day IR photon detectors use both intrinsic and extrinsic materials for
detection. The state-of-the-art systems in LWIR use mercury cadmium telluride
(HgCdTe). It is possible to tune the bandgap of HgCdTe by changing the composition
of Hg and Cd, which makes the material system attractive for use in a wide range of
wavelengths. High quantum efficiency (QE) associated with the use of bulk materials

is another advantage. Higher life times in the HgCdTe system reduce dark currents
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and provide an improved SNR. The major drawback of HgCdTe based systems is
associated with material growth. The weak Hg-Te bond results in bulk and surface
interface instabilities. Stringent conditions are needed for good quality material.
Large area uniformity is another issue that becomes important in the development
of focal plane arrays (FPA). Variations in composition of the alloy across large sized

wafers leads to changes in response wavelengths.

For MWIR detectors InSb is the preferred material. InSb detectors have a cut-off
wavelength of ~5.5 ym. A diffused p-n junction can be used for detection in the
MWIR region. A simple processing scheme and superior performance make InSh an
attractive material for large sized (4 Kx4 K) FPAs. The lack of tunability in the
cut-off wavelength and a stringent cooling requirement are issues with InSb based

systems.

Extrinsic detectors are widely used in IR applications, due to their ability to
detect light of energy lower than the semiconductor bandgap. Since it is possible to
use a larger bandgap material as the active region, efforts have been directed to utilize
mature growth and processing technologies from III-V semiconductors to achieve
high quality material and detectors [5]. For detectors with small energy bandgaps,
electrons can be thermally excited into the conduction band, generating dark current.
This results in a high noise current in devices. Based on Boltzmann’s distribution,
the population of the energy levels follows an exponential distribution, e=Ps/k7 Ag
E, becomes smaller (while temperature T is constant), the number of thermally
generated carriers increases exponentially [6]. The detector has to be cooled to a
cryogenic temperature to prevent thermal carriers from dominating photo carriers.
In addition, extrinsic photoconductors also suffer from low QEs when compared with
intrinsic photoconductors. This is due to low absorption cross sections for intrinsic
materials, resulting from low volumetric density of extrinsic dopant species compared

to the host material. Quantum well infrared photodetectors (QWIP) and quantum



Chapter 1. Introduction

dot infrared photodetectors (QDIP), which are examined in detail in section 1.3, are

examples of extrinsic photodetectors.

1.2 Focal Plane Arrays

1.2.1 Historical Perspective

Two dimensional (2D) arrays of pixels (normally square) are currently used in in-
frared systems for image acquisition. Several generations of arrays have evolved,

mostly based on their functionality.

1950-1970

First generation FPAs (also known as scanning arrays) had linear arrays of detectors
for imaging. A mirror was used to scan in the second dimension, to create a video
image. The resolution of these systems was dependent on detector pixel sizes and
scanning rates. First generation systems had low frame rates and were not suitable

for high speed imaging.

1970-2000

Second generation systems (or staring arrays) developed from 1970-2000 used medium
sized two dimensional arrays for imaging. Arrays of size 320 x 256 were very com-
mon. These systems deliver higher performance when compared to first generation
systems. Both first and second generation systems are single color detection schemes:
They recognize the intensity difference within their detection band, without the abil-

ity to discern specific wavebands. All these detectors need to be cooled for optimized
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performance. Second generation arrays are integrated with silicon based read out
integrated circuits (ROIC), which are used to extract image information from each

pixel and reconstruct the image.

2000-Present

The use of identification of targets rather than mere detection necessitated improved
viewing range for infrared systems [7]. The most obvious method to improve the
range of an FPA is to improve its spatial resolution i.e, large format FPAs. Another
option is to introduce different spectral bands of sensing and to use images captured
in different bands for identification. Moreover, multi-spectral detection helps in
discerning features with responses in specific wavebands. Different spectral bands
provide another dimension in contrast and help in cases where the intensity difference
between a scene and its background is too low for a successful distinction between
the two. Reducing colling cost, by improving operating temperatures, is another
desired feature of future infrared systems. An improved signal to noise ratio for the
array is necessary to raise its operating temperature. Higher frame rates, leading to

high speed imaging, is another requirement for a third generation array.

The requirements of a third generation infrared system can be summarized as

follows

1. Large format arrays

2. High frame rates

3. Higher operating temperature

4. Multicolor functionality
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This thesis addresses two aspects of third generation arrays: Higher operating

temperature and multicolor functionality.

1.3 Quantum Dot Infrared Detectors

1.3.1 Quantum Dots

When the dimensions of a semiconductor structure approach that of electron wave-
lengths, quantum effects are observed in electronic properties. Confinement in one,
two and three dimensions to the order of electron wavelength results in formation of
quantum wells, quantum wires and quantum dots respectively. A schematic of the
confinement in one dimension is given in Figure 1.4. Here a lower band gap material
is sandwiched between higher band gap materials resulting in the formation of a
potential well [8]. The conduction band edge energy of lower band gap material lies
nested in the band gap of two confining layers. As a result electrons and holes are

confined in middle layer by the barriers.

CB
G
Co
hhg
VB

Figure 1.4: Schematic of a Quantum Well [9].
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The density of electronic states of a material change significantly upon quantum
confinement. As quantum confinement increases, electronic states are discretized.
The change in density of states function with degrees of confinement (to form quan-
tum wells (1 dimension), quantum wires (2 dimension) or quantum dots (3 dimen-
sion)) is illustrated in Figure 1.5.

Quantum Quantum Quantum
Well Wire Dot

¥

Bulk

Figure 1.5: Density of states, band structure and carrier distribution for bulk mate-
rials, quantum wells, quantum wires and quantum dots[10].

As we go to confinement in higher dimensions, change in the density of states
enables use of fewer carriers to invert carrier populations, which results in low thresh-
old current density and high characteristic temperature, when incorporated as the
active region in a laser. In terms of detectors, absorption of dots can be easily sat-
urated due to finite density of states. Transitions between discretized energy states

in the conduction and valence bands can be used for detection. For intersubband
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transitions, the energy difference between states is low and wavelengths of detection

would fall primarily in IR region.

The size of quantum dots is an important parameter to be considered during
device modeling to have good quantum confinement. There is a lower limit on the
size of dots, which is obtained from the condition that there should be at least one
bound energy level for electrons or holes. Solving Schrodinger’s wave equation, with
a spherical dot assumption and taking the minimum potential for a general particle

in a box, the minimum size of the dot can be found out to be

mh

\/2miAE,

where m? is the effective mass of the electron and AFE, is the confinement potential.

For a conduction band offset of 0.3 eV this gives a dot size not smaller than 4
nm. Similarly there is an upper limit on the size of dots, considering that thermal
population in higher levels should not be more than 5%. This gives the following

condition to be satisfied to have good quantum confinement [10].

1
where E, and FE; are the energies of the second and first excited states respectively.
This equation limits the maximum size of dots in GaAs/AlGaAs quantum dots sys-

tem to be ~12nm and InAs/AlGaAs to be ~20nm at room temperature.

Growth of Quantum Dots

Self assembly is the preferred growth method for semiconductor quantum dots. This
is achieved through growth of a lattice mismatched layer on a substrate. When a
lattice mismatched epitaxial layer is grown, strain is developed in the system. When
this strain is low there is a normal 2D layer growth as shown in Figure 1.6, called

Frank van der Merwe growth. As lattice mismatch between two materials increases,
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strain energy increases. When the thickness of grown materials exceeds a certain
value (known as ‘critical thickness’), there is a coherent three-dimensional (3D) island
formation, referred to as Stranski-Krastanow process [11]. If the lattice mismatch
is very high then there is direct formation of 3-D islands, a growth mode known as
Vollmer-Weber process [12]. Most of present day devices have quantum dots grown
using Stranski-Krastanow mode. Molecular beam epitaxy (MBE) or metal organic

chemical vapor deposition (MOCVD) is used as the growth process.

Frank van der Stranski-Krastanow

. Vollmer-Weber
Merwe Initial 2D growth, 3D island arowth
2D layer by layer final 3D island growth 9

Increasing strain

Figure 1.6: Three modes of heteroepitaxial growth[13].

Characteristics of Quantum Dots

Quantum dot devices can be tailored to provide superior performance by taking
advantage of the large density of states function that increases the abundance of
available levels in a given volume. Zero dimensional semiconductor systems with
a discrete density of states exhibit a phonon bottleneck, or a suppression of car-
rier relaxation rates [14]. If the energy level spacings are sufficiently large, then
the rate of phonon-mediated scattering processes will be inhibited, as energy and
momentum conservation forbids transitions mediated by a single phonon emission.
Semiconductor self-assembled quantum dots exhibit strong three-dimensional carrier
confinement and show discrete energy spectra. Hence relaxation rates among the
electronic levels of these quantum dots would be low [15]. We can therefore expect

long carrier relaxation times and hence more probability of the electrons being found
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in the excited state. This in turn provides longer lifetime for photo-excited electrons

due to reduced electron-phonon scattering and a lower dark current [16].

1.3.2 Quantum Dot Infrared Photodetector (QDIP)

Infrared detection using quantum confined structures offer a great potential, as inter-
subband transitions within energy levels can be utilized to detect light in the IR
regime. Quantum well infrared photodetector (QWIP), quantum dot infrared pho-
todetector (QDIP) and strained layer superlattice (SLS) are the most common of
IR detectors using quantum confined structures. QWIPs and QDIPs are extrinsic
detectors that use inter-subband transitions from the dot/well to detect IR radiation.
QWIPs use transitions in quantum well for detection while QDIPs use transitions in
quantum dots for detection. An illustration of the use of intersubband transitions
for detection is shown in Fig. 1.7, using InAs quantum dot with a GaAs barrier
as an example. Since these devices use III-V semiconductors, the mature growth
technology of III-V semiconductor growth can be used to obtain uniform material

over a large area. This is extremely important in production of large area FPAs.

QWIP technology has developed into a mature one and is already in use in
commercial IR FPA systems [5, 17]. Selection rules forbid the absorption of normally
incident light in QWIPs. Thus, gratings or edge coupling schemes are required to
absorb normally incident radiation. This makes the processing complex [18]. The QE
of QWIP systems is also low, necessitating the use of cooling systems that make it
expensive. QDIPs have been considered as one of the next generation IR technologies,
due to their ability to absorb normally incident light, inherently lower dark current
leading to a higher temperature operation and high relaxation times that lead to a
higher photoconductive gain in the system [19-25]. QDIPs have been reported to

operate at higher temperatures and room temperature operation has been reported
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at lower wavelengths recently [22, 26]. FPAs based on QDIP technology have been
developed and single pixel performance has been replicated in large sized arrays [27—
29]. Arrays are fabricated using quantum dot active regions in InP/GaAs substrates
and are then flip-chip bonded into a silicon read-out integrated circuit (ROIC). The
bonding to ROICs is done using pressure contacts via indium bumps. Illumination

of arrays can be done from either frontside or backside.

VAV VAV
VAV \N\/

Figure 1.7: Transitions in a QDIP.

Despite these advantages, the demonstration of high absorption in QDIPs has
been elusive due to the identical transport paths that exist for photocurrents and
dark currents. Therefore, heterostructure designs developed to minimize the dark
current, such as the insertion of a single AlGaAs barrier outside the active region,
also prevent the efficient collection of carriers contributing to the photocurrent, re-
sulting in low responsivity values [16, 30]. Self assembled growth of QDIPs creates
another challenge in reproduction of spectral characteristics. Since the growth is a
self assembled process, the dots formed differ from each other in size and shape. This
changes the potential distribution from dot to dot and results in variation of eigen
states and the oscillator strengths. Hence control of the operating wavelength be-
comes difficult [31]. Quantum dots-in-a-well (DWELL) detectors have been proposed
to alleviate this drawback of QDIPs.
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1.3.3 Quantum Dots-in-a-Well Photodetector (DWELL)

DWELL detectors represent a hybrid between a conventional QWIPs and QDIPs. In
this structure quantum dots are placed inside a quantum well. In a DWELL struc-
ture, electrons in the ground state of QDs are promoted to a set of bound/quasi-
bound states within quantum wells by photoexcitation. These electrons constitute
the photo-current and form the basis of IR detection. Apart from lower dark cur-
rents, detectors using DWELL designs demonstrate a better control over the op-
erating wavelength and nature of the transition (bound-to bound versus bound-to-
continuum), as discussed in [31, 32]. High photoconductive gains observed in the
DWELL design lead to improved responsivity for detectors [33]. A typical DWELL
band diagram and the spectral response obtained from fabricated detectors is shown

in Figure 1.8.

Barrier

Spectral Response (a.u)

N

Well b 4 10 5

VAYa
VAVYE

Wavelength (um)

N

Dot

Figure 1.8: Band diagram of DWELL detector. The measured spectral response
from detectors and the transitions that result in the response are also shown.

In DWELL designs, quantum dots are embedded within (a) quantum well(s),
and a suitable barrier of higher bandgap is used to reduce dark current. The device

shows a dual-color response which arises from two dominant transitions within the
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conduction band. There is a short wavelength peak due to electron transitions from
the ground state of the dot to the continuum. The other peak is found in longer
wavelength regions of the spectrum and is due to electron transitions from ground
state of the dot to states in the quantum well [34, 35]. Bound to continuum transi-
tions are dominant when the applied voltage is small. As the voltage increases, the
peak shifts toward longer wavelength regions indicating that the energy gained now
is sufficient to collect a bound to bound transition. This change of spectral response
with bias has been exploited to make voltage tunable detectors [36, 37]. The operat-
ing wavelength of the DWELL structure can also be tuned by changing thickness of
the quantum well [31]. Hence, instead of changing the whole growth process, thick-
ness of the quantum well can be modified to obtain desired wavelengths. Another
characteristic of the DWELL is dependence of peak wavelength on the bias polarity
applied. A DWELL structure with an asymmetrically designed well exhibits quan-
tum controlled Stark effect (QCSE). This results in bias polarity dependent spectral

responses and can be exploited to provide spectrally adaptive detectors.

The DWELL design has been successfully incorporated into FPAs. Focal plane
arrays of sizes 1024x1024, 640x512, and 320x256 have been demonstrated using
DWELL technology [27, 29, 38, 39]. Two-color response observed in single pixel
detectors has been demonstrated in FPAs also [39, 40]. It should be noted that
DWELL FPAs display a two color response using a single indium bump only, which
would simplify processing considerably, when compared to two-color FPAs that use
more than one indium bump. An image obtained from the 320x256 FPA at 60
K is shown in Figure 1.9. This FPA demonstrated a noise equivalent temperature

difference (NEDT) of 80 mK at a temperature of 77K [39, 41].
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Figure 1.9: Image obtained from a standard DWELL based 320x256 FPA.

1.4 Objective of this Dissertation

The objective of this work has been to demonstrate

1. High operating temperature (HOT) DWELL infrared detectors.

2. Multispectral and polarization sensitive infrared detectors with enahnced ab-

sorption.

The following are the significant contributions of this thesis 1) Demonstration
of a quantum dots in a double well (DDWELL) infrared detector, working at 140
K with a wavelength of 8.7 um. 2) Integration of surface plasmon based cavities
with DWELL detector. 3) Design of multispectral and polarization dependent in-
frared detectors. 3) Demonstration of enhanced absorption with multispectral and
polarization sensitive detection 4) Analysis of enhancement mechanisms in plasmon

integrated infrared detectors.

At the beginning of this work, DWELL systems using InAs dots were demon-
strated in the MWIR and LWIR infrared regions, The dark current levels of DWELL
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detectors were higher than those of QWIPs and they had a QE lower than that of
QWIP systems. This is attributed to the low absorption cross-section of these devices
[30]. The thin absorption region in the surface normal direction is another reason
for low responsivity of DWELLs. Self-assembled growth of QDs needs strain in the
system and this limits the layers of active region grown before defects set in. The
low fill factor of QDs (25% to 28% for a QD density of &~ 5 x 10'%cm~2) is another
reason [24]. As the quantum dots are self assembled during growth, it is not possible
to control the size with precision. The actual emission spectra in detectors occurs
from an ensemble of dots, each different from the other. This results in broadening
of emission spectrum and limits use of DWELLs in multi-spectral and hyper-spectral

arrays.

Various methods have been suggested to improve performance and functionality
of DWELLs. Doping of dots with Si has resulted in an improved response from
DWELL detectors [42]. The integration of a DBR or photonic crystal resonant
cavities with IR detectors to facilitate higher absorption is another technique [43, 44].
These systems to allow multiple passes of light in the active region and improve the
absorption. This resulted in a six fold increase in responsivity [43]. However the
spectral response of the system still shows a broad peak as the resonant cavity has a
low quality factor (Q). Another technique is the use of an APD in conjunction with
the DWELL to introduce gain in the system [45]. The use of resonant tunneling
barriers that extract photo-excited carriers preferentially and inhibit the collection
of dark carriers has been used in both QDIPs and DWELL systems to improve SNR
24, 46].

In Chapter 2, growth of thicker active regions for DWELL structures to improve
their operating temperature is investigated. The strain accumulated in the DWELL
layer, as result of growth of InAs dot and InGaAs well regions is the factor limiting

active region thickness. A new design that reduces the thickness of strained quan-
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tum well regions is discussed. In this design, InAs quantum dots are embedded in
InGaAs/GaAs wells, with GaAs forming the primary well. Optimization and char-
acterization of this design is presented. Detector structures were grown using this
design and their performance is examined. The use of an improved design resulted
in higher operating temperatures of 140 K for detectors in the LWIR region, without
sacrificing any of the characteristics of DWELLs.

In the second part of this dissertation, encoding of spectral and polarization infor-
mation within a detector pixel is discussed. Present day infrared systems use bulky
and expensive external components to provide multi-spectral detection. One method
is to use a broadband FPA in conjunction with a dispersive prism to limit spectral
range of radiation on FPAs. The other is to use external filters to select desired wave-
bands. Both these methods need precise optical alignment and components, as array
sizes increase. This increases the cost of multi-spectral infrared FPAs manyfold. As
a result, the current 30-50 band multi-spectral arrays cost $10-15 million. A limited
multi-spectral capability; viz. dual color detection, can be achieved in arrays using
back to back biased diodes [47, 48|, or by asymmetric design of absorbing regions
[31] that detect multiple wavelengths by changing the bias polarity. The contents of
this chapter were originally published in refs. [13, 49-53]

In Chapter 3, a novel method to fabricate spectral and polarization dependent
infrared detectors is presented. By integrating subwavelength metal nanostructures
with infrared detectors, spectral and polarization characteristics of the detector can
be tuned. A finite difference time domain (FDTD) based modeling is presented that
predicts the absorption of a DWELL based detector integrated with nanostructures.
An enhancement of the absorption and tunability of absortion are predicted. The
fabrication and characterization of these detectors is discussed. Spectral tuning and
enhancement of absorption is observed in MWIR and LWIR regions. A method

to fabricate polarization sensitive detectors, by modifying the surface pattern, is
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analyzed and demonstrated.

Chapter 4 of this dissertation focuses on origin and mechanisms of spectral tuning
and enhancement in plasmon assisted DWELL detectors. Analysis resonant peaks
observed from devices in chapter 3 is performed. The spatial and spectral extent
of electric field intensities obtained from FDTD simulations are used to classify the
modes. T'wo enhancement mechanisms are observed in these devices: Plasmon modes
and waveguide modes. Selective excitation between plasmon modes and waveguide
modes is accomplished by use of surface patterns that excite one set of modes pref-
erentially over the other. Detector structures with different active region thicknesses
were designed and fabricated to couple these modes with the DWELL absorption.
Experimental observations are discussed in detail and they indicate presence of sev-

eral modes of absorption. This work was originally published in refs. [54-60].

Chapter 5 summarizes some of the most important results and discusses some
of the future directions. Specifically, integration of surface plasmons with other IR
technologies is discussed by using SLS as an example. The fabrication of surface
plasmon based FPAs is also discussed. In this context, a double metal waveguide
(DMWG) based structure, which improves the mode confinement within the cavity
and has a fabrication methodology which can be directly integrated with FPAs, is
proposed.
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Chapter 2

Quantum Dots-in-a-double-well

Infrared Detectors

2.1 Introduction

In recent years, several groups have investigated the use of dot-in-a-well designs for
infrared detectors in MWIR and LWIR regions. In general, the DWELL system
consists of quantum dots embedded in a quantum well, followed by a barrier layer.
Two prominent DWELL systems that were in use, at the beginning of this work, for
detectors were InAs/InGaAs/InAlAs system and InAs/InGaAs/GaAs systems [25,
29, 31, 61]. In these designs, growth of QDs is a self-assembled process. Formation
of 3D islands of InAs is due to lattice mismatch with the substrate used. The lattice
mismatch limits the number of stacks of active region that can be grown. Thus,
infrared detector technologies using quantum dots have a lower thickness of active
regions, when compared to bulk systems like HgCdTe or nearly lattice matched

systems like GaAs/AlGaAs.

In the InAs/InGaAs/InAlAs system, InAs dots are embedded in an InGaAs layer
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followed by an InAlAs barrier. In this system the barrier is tensile strained, while
the dot and the well are compressively strained. This offers a unique advantage to
this system: strain compensation. With the growth of each stack of active region,
the barrier compensates the strain introduced by the dot and the well. Thus growth
of higher number of active region stacks is possible in this system [61]. Detectors
fabricated using this system show a response at 4.1 um. The lower wavelength of
operation of these systems offer a better SNR and a better absorption coefficient.
Detector structures with a peak detectivity of 2.8 x 10! cm.\ﬂHz)/W at 77K and
a QE of 35% have been observed in this system [62].

The InAs/InGaAs/ GaAs system consists of InAs dots embedded in Ing 15Gag g5 As
wells with GaAs barriers, on a GaAs substrate. Due to the higher lattice constants
of InAs and InGaAs, the entire DWELL region is compressively strained in this
system. The average indium composition in this system is around 19% [63] and the
number of stacks that can be grown is limited to 12-15. Detectors grown using this
system have been operating in the MWIR and LWIR region. In this chapter, the
efforts to reduce the strain in this system to increase the active region thickness and

performance improvements resulting from this change are discussed.

2.2 Optimization of Structure

Growth of lattice mismatched indium containing layers on GaAs is the primary
reason for limited active region thickness. Strain reduction is achieved by reducing
the overall indium content in the system, leading to a lower strain per layer. The
development of this design required several cycles of optimization where the dot,
well sizes above and below the dot, and the barrier thickness were optimized. This
was achieved through a series of characterizations where the parameters above were

varied and photoluminescence (PL) and atomic force microscopy (AFM) were used
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to optimize the structure. It is to be noted, however, that the transitions that result
in infrared absorption are intersubband in nature, while the transitions that result
in PL are from band to band. Thus a strong PL is a necessary but not a sufficient

indicator of a good detector device.

Initially, several calibration samples were grown for optimization. A schematic of
the calibration sample grown is shown in Figure 2.1. In general, samples consisted
of InAs dots embedded in two quantum wells. A very thin layer of Ing15GaggsAs,
far below the thickness used in standard InAs/Ing15GaggsAs/GaAs DWELLs, was
used above and below the quantum dot region. The primary well in this system is
GaAs, and Aly10GaggoAs was used as the barrier. The emitted PL was collected and
collated using two lenses, and an InGaAs detector was used in conjunction with a

monochromator to measure the amount of signal and spectral content.

Initial attempts were made to use a GaAs well along with an InAs QD to form
the DWELL structure, without the Ing15GaggsAs strain bed below the QD, This,
however, was not found to be effective as the structure showed poor PL intensity.

The QD density of the structure was also very low at 10?/cm™2.

Gallium-indium
exchange, leading to a graded bandgap or a loss of dot confinement, may be the
reason for loss of optical quality. Hence, a minimal Ing 15GaggsAs layer was reintro-
duced between GaAs well and the dots. The InAs dots were then formed over the
Ing.15GaggsAs layer, instead of the GaAs well. The QD density was increased by two

orders of magnitude as a result of this change.

The GaAs well width under the dot is critical as dots are essentially formed over
GaAs/ Ing15GaggsAs wells.. Since the objective is to minimize strain, the amount
of Ing15GaggsAs has to be kept to a minimum and well thickness below the dot is
essentially determined by the GaAs layer. The GaAs shoulder width under the QDs
was varied from 1 nm to 4 nm and PL from these devices at RT was measured using a

He-Ne laser. The structure used to optimize GaAs well width under the dot is shown
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in Figure 2.2. As seen from the measured PL in Figure 2.2, PL intensity improves
as GaAs thickness is increased. For all the device structures, the net thickness
of quantum well was limited to 4 nm, to keep the total thickness comparable to

previously grown structures.

10 % AIGaAs 50nm

GaAs 6.85nm

15% InGaAs 0-2nm
5X

InAs 2ML

15% InGaAs Tnm

GaAs 0-4 nm

10 % AIGaAs 50nm

GaAs Buffer

GaAs S.

Figure 2.1: Baseline structure used for optimizing DWELL detectors. The GaAs
layer under the dot and the Ing 15Gag g5 As capping layer above the dot were optimized
using this structure.

The effect of capping dots with an Ing15GaggsAs layer was investigated for op-
timizing the QD optical response. Thickness of Ing15GaggsAs layer above the dots
in Figure 2.1 was varied from 0 to 2 nm, and the change in PL observed is shown
in Figure 2.3. It was observed that capping dots with InGaAs helps to improve PL.
The increase of capping layer thickness from 1 to 2 nm, results in a minor improve-
ment. For the final detector structure, it was determined that the increased number
of QD layers that could be grown with a 1 nm cap would compensate for the slightly
decreased PL.
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Figure 2.2: Photoluminescence intensity from structures with varying GaAs layer
thickness under the dot.

The redshift seen in PL intensity plots of Figure 2.2 and Figure 2.3 may be due
to the wider thicknesses which lead to a smaller quantum confinement. The effect
of thickness of the GaAs layer above the dot has already been investigated and the
optimized thickness is used for growing detector structures[36]. Thus a single stack of
the optimized design consists of InAs dots sandwiched in Ing15Gag gsAs/GaAs wells
and an Aly10Gag.gpAs barrier. The wells and the barrier are present above and below

the dot, forming a dots-in-a-double-well (DDWELL) region.

Once the design was optimized for PL, detector structures were grown with the
optimized DDWELL design. Repetitions of DDWELL layers were sandwiched be-
tween two highly doped n-GaAs layers that serve as the top and bottom contact
layers, see Figure 2.8. With the reduction in strain, the number of active region

stacks was increased to 30, as opposed to 12 or 15 in InAs/Ing 15Gag g5As/GaAs
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Figure 2.3: Photoluminescence intensity from structures as a function of quantum

dot capping layer thickness. Ingi5GagssAs has been used for capping dots in this
study.

DWELL detectors [42]. Attempts to grow higher number of stacks resulted in defects
setting in, and did not provide good optical response. Three samples with barrier

widths of 30, 50, and 65 nm were grown to optimize barrier width.

The samples were grown using a VG Semicon V80H solid source MBE reactor.
Alg10GaggoAs and GaAs layers were grown at a temperature of 590 °C. InAs dots
and Ing15GaggsAs wells are grown at a lower temperature of 470 °C. A growth pause
was applied during transition from a GaAs layer to Ing15GaggsAs strain bed under
the dot, to facilitate lowering of the substrate temperature. The average dot density
of DDWELL samples was found to be 4x10* /ecm?. This is ~3x higher than the
density for single well based DWELL samples. The QDs for the detector sample were
doped to the order of 2e/dot, by opening the silicon shutter during QD formation.
An AFM image, taken from exposed dots on the surface, from a 30 stack DDWELL
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sample is shown in Figure 2.4.

/el
0.0031

Figure 2.4: AFM image of exposed InAs dots, from a DDWELL design. An average
dot density of 4x10" /em? was measured for this sample.

In Figure 2.5 PL intensity from a standard InAs/ Ing15GaggsAs /GaAs DWELL
design and a InAs/ Ing15GaggsAs/GaAs /Aly10GaggAs DDWELL design at room
temperature, measured by exciting with a He-Ne laser, is shown. The DDWELL
design has a PL peak at 1095 nm and the DWELL design has a peak at 1245 nm.
The changes in size and shape of QDs would be the primary contributors to this
change. The lower PL wavelength also points to increased confinement. The response
at longer wavelengths (>1300 nm) for the DWELL sample is due to exposed QDs on
surface, used for AFM measurements. In order to observe the higher lying states of
the DDWELL system, PL. was measured using a pulsed Ti:Sapphire laser. The high
intensity and short pulses from the Ti:Sapphire laser, create a high electron-hole pair
(EHP) density per dot. As a result, the allowed band to band transitions between

higher lying states in the conduction band and the valence band of this system can
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Figure 2.5: Normalized photoluminescence intensity from A) 30 stack DDWELL
samples and B) 15 stack DWELL.

be observed. A plot of the observed PL spectrum at room temperature is shown in
2.6. Two dot to dot transitions and a transition between states in the quantum well
(QW) can be observed. A schematic of the band diagram of the DDWELL structure
is shown in Figure 2.7. A simple calulation based on a 60:40 band offset split between
the conduction band and the valence band shows the intersubband transition to be

139 meV, which agrees well with the spectral response obtained in subsection 2.4.1.

2.3 Fabrication

Fabrication of detectors involved creating square mesa structures of sizes 410x410
pum? for electrical isolation. This was performed using a BCls based dry etch in
a class-100 clean room. A (optional) dip in a mixture of citric acid and hydrogen

peroxide solution was performed after the dry etch to relieve the plasma induced
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Figure 2.6: Room temperature photoluminescence measurements from DDWELL
samples with a Ti:Sapphire laser. Higher lying dot states and well states are observed.

damage. This was followed by Ge/Au/Ni/Au metalization using an e-beam metal
evaporator. The contact metal lithography also opens up top apertures ranging
from 25 to 300 pum in diameter. The contacts were then annealed at a temperature
of 380°C for 60s, using a rapid thermal annealer (RTA), to achieve ohmic contacts.
An optional passivation step is also part of the process. SiNx deposited at 300° C
using plasma enhanced chemical vapor deposition (PECVD) | is used as a passivant.
This helps in long term stability and in limiting 1/f noise with age. Further details
of the processing steps are provided in Appendix B. A schematic of the processed

detector is shown in Figure 2.9.
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Figure 2.7: Schematic of the band diagram of DDWELL design, based on PL and
spectral measurements. Two dot to dot transitions and a well to well transition is
observed in the PL.

2.4 Characterization

The performance of an infrared detector is primarily evaluated through measuring
its spectral content, signal, noise, photocurrent and dark current. In the case of an
array, uniformity, pixel operability and minimum temperature difference that can be
sensed are additional metrics used. A detailed description of the characterization

methodology is provided in Appendix A.

2.4.1 Spectral Characteristics

The spectral response of detectors is measured using a Fourier transform infrared

spectrometer (FTIR). Use of a FTIR helps in detecting low signals from the detector
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Figure 2.8: InAs/Ing15GaggsAs/GaAs DDWELL structure comprising of 30 stacks
of active region.

and provides a better spectral resolution, when compared to other spectral measure-
ment techniques using a monochromator and a lock-in amplifier. The devices are
cooled using either a liquid He based closed cycle cryostat or by using liquid nitro-
gen. Using these two cooling systems, measurements can be performed from 12 K to

room temperature (RT).

Spectral measurements from devices fabricated with a DDWELL active region at
a temperature of 30 K are shown in Figure 2.10, as a function of the applied bias.
The spectral response shows two peaks at 9.4 ym and 6.8 um for positive bias volt-
ages and a much stronger peak at 8.7 um for negative bias voltages. The LWIR peak
is dominant at higher bias voltages, while the MWIR peak has a higher intensity at
lower bias voltages. This could be due to the dot-to-well nature of the LWIR tran-
sition and the dot-to-continuum nature of the MWIR transition. Tunneling barriers

for electrons excited by MWIR photons are lower. Thus, MWIR transitions dominate
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Figure 2.9: Schematic of the fabricated detector structure with the top and bottom

contacts and the aperture.

the spectrum at a lower bias. As the bias voltage increases, excited electrons from
the well level have higher tunneling probabilities, leading to a higher LWIR spectral
intensity. It is to be noted that the strength of LWIR and MWIR transitions are
comparable in positive bias while the LWIR transition is dominant in negative bias.
DDWELL structures exhibit a bias dependent spectral response similar to DWELL
devices, due to asymmetric width of quantum wells in the active region. The tran-

sition from a single well based design [36] to a DDWELL based design does not
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compromise the spectral diversity of the DWELL system in any manner.
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Figure 2.10: Spectral response of a fabricated DDWELL detector at 30 K.

Spectral response of these devices were measured at higher temperatures, as
shown in Figure 2.11. At 77K [Figure 2.11 A)] MWIR and LWIR transitions are
clearly visible, with limited noise peaks in the spectrum. The LWIR peak in nega-
tive bias region has a higher intensity when compared to other transitions. At 120
K, [Figure 2.11 B)]the increased dark currents start affecting the quality of the spec-
trum. The intensity of negative bias LWIR peak drops and is comparable to spectral
intensities in positive bias. The spectral response was visible till a temperature of
140 K. Here, LWIR peak was present only in the negative bias, with the noise lim-
iting presence of LWIR peak in positive bias. The range of bias voltages that can
be applied to the detector is also limited at this temperature. The maximum volt-
age is limited to =3 V, and dark currents start overloading the device beyond this

range. The operating temperature range of DDWELL devices is higher than that
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Figure 2.11: Spectral response of the DDWELL device at various temperatures with
the applied bias. A): Spectral response of the DDWELL device with 65 nm barrier
at 77 K. The MWIR and LWIR peaks can be observed at a positive bias while the
LWIR peak is much stronger than the MWIR peak in negative bias. B), C): Spectral
response at 120 K and 140 K. The range of bias voltages that can be applied is reduced
as the temperature increases. A five point smoothing filter has been applied to reduce
the effect of noise peaks. D) Variation of spectral response intensity with the angle
of polarization of incident radiation. The devices are measured at a temperature of
77 K and a bias of -5 V.

of single well based DWELL designs, and this leads to reduced cooling requirements
for detectors based on DDWELL design.

The polarization dependence of the spectral response was measured using a wire-
grid polarizer. The spectral response in the positive bias regime did not show any

dependence of intensity with the polarization angle. The negative bias response,
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however, shows a strong dependence with the angle of polarization. A plot of the
spectral response at a bias voltage of -5 V is shown in Figure 2.11 D). The response
at a polarization angle of 90 is approximately 70 % higher than the response at an
angle of 0°. This may be due to the asymmetry of the quantum dot sizes along the
two orthogonal directions. With this difference in intensity, these devices can be

used for polarization sensing, which can be used in the field of target detection [64].

2.4.2 1I-V Characteristics

Current-voltage characteristics of fabricated devices were measured using a HP 4145
B semiconductor parameter analyzer. The devices were mounted in cryostats, having
a metallic shroud cooled to same temperature as the detector. This shroud acts as a
cold shield, providing low background photon fluxes. The shroud has an opening that
irradiates the detector with a f/2 field of view (FOV). Thus it is possible to measure
both dark current, and total current (the sum of dark current and photocurrent)

with a /2 FOV, using the same setup (but not in the same measurement).

The dark current characteristics of DDWELL devices with 30, 50 and 65 nm bar-
riers are plotted in Figure 2.12. The design with a 30 nm barrier shows a significantly
higher dark current when compared to designs with 50 and 65 nm barriers. The 50
nm and 65 nm barrier devices have similar dark current characteristics at lower bias
voltages. At higher biases, where tunneling currents start to dominate[65], the 65

nm device shows a lower dark current.

The dark currents of DDWELL devices with a 65 nm barrier were measured as a
function of temperature. This is plotted in Figure 2.13 with the photocurrent density
at 30 K. The dark current density of DWELL devices increase as a function of the
temperature. At =77 K the dark current density and the photocurrent density of the

devices are equal. At this temperature, the device operates as a background limited
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Figure 2.12: Current density of of DDWELL devices with 30, 50, and 65 nm barriers.

infrared photodetector (BLIP). In the BLIP regime, the device noise is dominated
by the noise of irradiating photon stream. Further improvement in noise perfor-
mance cannot be achieved in the BLIP regime by cooling devices, as noise is related
to the detection mechanism. At higher temperatures, the dominant noise is from
dark current, and by lowering the operating temperature device performance can be

improved.

Finally, dark current densities from DWELL and DDWELL detectors are com-
pared in Figure 2.14. Devices with DDWELL active region have significantly lower
dark currents. This is reflected in high operating temperatures of DDWELL based
devices. At a bias voltage of -4 V, DDWELL systems offer a dark current reduc-
tion of 10% over standard DWELL designs. The reduced dark current density is the
primary reason for higher temperature operation of DDWELL devices, as shown in

subsection 2.4.1.
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Figure 2.13: Current density DDWELL devices with 65 nm barriers at different

temperatures, along with the photocurrent density at 30 K. The BLIP temperature
of this device is ~ 77 K.

2.4.3 Signal and Noise Measurements

The radiometric measurements of IR detector performance involve measurement of
the amount of electrical signal and noise. Normalized metrics of responsivity (R)
and detectivity (D*) are used to compare the performance of infrared detectors.
Responsivity is normalized with respect to the area of the device used, while the
detectivity is normalized with respect to device area and integration time of the
system. Thus, detectors systems with different apertures and response times can
be compared for performance using these two metrics. The signal and noise from
the device, upon irradiation by a calibrated IR source, are the primary quantities
measured. A detailed description of the experimental setup used to measure R and
D* is available in Appendix A. Specific methods used to calibrate the setup, and

account for unwanted effects like optical scattering and system noise are discussed
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Figure 2.14: Dark current densities of DWELL vs DDWELL devices. At -4 V bias,

DDWELL devices have a dark current 4 orders of magnitude lower than DWELL
devices.
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Figure 2.15: Responsivity of the device for various bias voltages at 77K.

A plot of the measured responsivity and detectivity for a DDWELL device with 65
nm barrier, as a function of the applied bias, is shown in Figure 2.15 and Figure 2.17.

These devices show a peak responsivity of 0.24 A/W at a bias of 5 V for a wavelength
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of 9.4 pum, and 0.89 A/W at -5 V for a wavelength of 8.7 pym. This responsivity
is lower than that of a device with a single Ing15GaggsAs well. The use of two
wells leading to an increased QWIP like nature , may be the reason for a lower
responsivity. The critical parameter for an infrared detector, however, would be the
specific detectivity which is a normalized version of SNR. The noise power spectral
density from the detector measured at 77 K is plotted in Figure 2.16. Extremely low
values of noise currents, lower than 1pA /v/Hz are observed in this sample. Care was
taken to make sure that the noise observed is from the detector and not due to any

external source. Details of the measurement are provided in Appendix A

The peak LWIR detectivities are 1.8 x10' cm.v/Hz/W at 4 V for 9.4 ym and
6.7x10' em./Hz/W at -4 V for 8.7 um. These detectivity values are almost an
order of magnitude higher than the values observed for similar DWELL designs
(36, 49]. These results compare favorably to QWIPs of similar wavelength, operating
at the same temperature. A peak detectivity of around 5 x 10'° emv/Hz/W has
been observed for a QWIP with a 8.4 um peak wavelength at 80 K [66]. For a
QWIP with 9.4 ym peak wavelength a peak detectivity of 1.8 x 10 emv/Hz/W
has been observed at 70 K [67]. Table 2.1 summarizes the perforamance of DDWELL
with other detector technologies with similar detection wavelengths. The DDWELL
design provides an extended range of operation when compared to standard DWELLs
[31]. However better ROICs are required to exploit this property in FPA, as current
ROICs provide only a limited range of bias.

Higher temperature measurements of responsivity and detectivity are shown in
2.18. The devices show a peak responsivity of 0.77 A/W at a bias of -4 V for a
wavelength of 8.7 um at 140 K. A peak detectivity of 1.09 x 10° emvHz/W is
observed at a bias voltage of -4 V for 8.7 yum at 140 K. The peak detectivity for the
9.4 pm wavelength is 7.32 x 107 cm~/Hz/W for a bias of 4 V at 140 K.

FPAs of size 320 x 256 were fabricated using the DDWELL design. These FPA
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Figure 2.16: Noise PSD from a DDWELL detector at 77 K. A peak PSD of 1.04
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Figure 2.17: Detectivity of the device for different bias voltages at 77K. A peak
detectivity of 6.7x10' cm./Hz/W is observed at -4 V.

were fabricated in house and then sent to Qmagi(Q LLC for bonding to an Indigo
9705 ROIC and substrate removal. The substrate was removed through polishing
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Technology (pm) | Wavelength (pm) | T(K) | D*(Jones)

QWIP[68] 8 77 | 74x100
MCT[69] 10 78 | 2x107
SLS[69] 10 80 4x10M
DWELL|31] 8 77 2x101°

DDWELL 8.7 77 | 6.7x10%

Table 2.1: Comparison of DDWELL with other IR technologies. Note that the
detectivity values of SLS are estimated values from current measurements. The D*
values of DDWELL device take into account optical scattering from the substrate,
while the DWELL device does not.
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Figure 2.18: Measured responsivity and detectivity of DDWELL device with 65 nm
barrier at various temperatures with the applied voltage bias.

and dry etching based on BCl3-SFg mixture. Images were obtained at 80 K. This is
a 20 K increase in the operating temperature from FPAs using single well DWELL
designs. With improvements in processing, a higher pixel operability and improved
SNR can be obtained. The Indigo 9705 ROIC limits the bias range and polarity that
can be applied. MWIR and LWIR response can still be observed from DDWELL
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FPAs. To selectively image different IR bands, a MWIR/LWIR, lens was used for
focusing. Images are obtained in both MWIR and LWIR regions of IR spectrum,

and in the 3-12 pm range, as shown in Figure 2.19

Broadband 80 K MWIR 60 K LWIR 60 K

Figure 2.19: Images obtained from DDWELL FPA. A) Broadband (3-12 pym) image
at 80 K. B) MWIR image at 60 K. C) LWIR image at 80 K. Image A) courtesy W.
Jang

2.5 Conclusions

In this chapter, efforts to grow thicker active regions are discussed and implemented.
Reduction of strain per active region stack was achieved by minimizing thickness of
the strained QW region. A new design where InAs quantum dots are embedded in
Ing 15Gag g5 As/GaAs wells is presented. A series of optimizations were performed,
using AFM and PL, to maximize QD yield. The final detector structure with InAs
QDs in a double well and an Al 10GaggoAs barrier was grown. Detector structures
processed show a dual color spectral response and bias polarity dependent spectra.
A high temperature (140 K) LWIR operation is possible for single pixel detectors.
Calibrated signal and noise measurements performed indicate a high detectivity of
6.7x10' em.v/Hz/W in the LWIR regime for this device. A dark current reduction
factor of 104 is observed when compared to standard single well DWELL designs.

This value is comparable to several QWIPs which are currently employed in commer-
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cial IR systems. Focal plane arrays of size 320x256, which work at a temperature of

80 K, have been processed using these designs.
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Multispectral and Polarization
Sensitive DWELL Infrared

Detectors

3.1 Introduction

Multi-spectral detection is the ability to sense different wavebands, with a minimal
amount of crosstalk. The ability to sense multiple colors provide infrared systems
with an additional dimension of contrast. Features with specific spectral signatures
can be imaged using different wavelengths of detection. Multi-spectral infrared de-
tection has major applications in the field of gas detection, identification of chemical
and biological compounds, remote sensing and thermography [70]. This capability is
considered an integral part of third generation IR systems, along with large format
arrays and higher temperature of operation [70]. Another potential use is in the de-
tection of targets, especially in low contrast and high clutter. Current multi-spectral

systems make use of an external filter with a broadband focal plane array (FPA), or
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disperse the light on to several arrays [71]. This approach, however increases the cost
of the arrays several fold. The use of external components such as filters or beam
splitters increase the size of these systems and require complex optical alignment, as

array sizes increase.

Figure 3.1: Data cube of a multi-spectral image. Different wavelengths are false
colored. Image from NASA.

The state of the art infrared systems in place currently use bulk or bulk-like
semiconductors as detector materials. Use of bulk InSb in the MWIR region and
bulk HgCdTe in the LWIR region is most widespread. In photon rich applications,
QWIPs are currently used. All bulk semiconductors exhibit a broad spectral response
till the detector cut-off is reached. These devices sense the difference in intensity of
a scene, rather than sensing specific wavelengths. The most common approach to
have multi-spectral detection in bulk like semiconductors is the use of two back

to back biased diodes, with different regions of absorption. By biasing the diodes
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appropriately, and by taking a difference signal, specific wavebands can be imaged
(47, 48]. An example of imaging CO9 is shown in Figure 3.2. Two SLS diodes,
sensing different wavelengths are used in the same epitaxial growth. By biasing
each diode, the image in the corresponding waveband is captured. A difference
image generated in Figure 3.2 C), shows the presence of CO9 very clearly. One of
the two wavebands sensed includes the CO9 absorption peak at 4.2 pym, while the
second band excludes it. A difference signal between these two bands of absorption
enhances the contrast for the 4.2 ym CO9 peak. This method, however, is limited to
detection of two bands. An additional contact is required for each additional band
included, increasing the complexity of device processing. In addition, all diodes in
this method share a common contact, creating crosstalk between different bands of

sensing.

Detection of polarization information can also be very useful in IR systems. Ap-
plications of polarization imagery include remote sensing, microscopy and industrial
monitoring. Of particular interest are applications in target tracking. In Figure 3.3
three images of the same scene in visible, LWIR, and polarized LWIR are shown.
Two trucks, which are otherwise hidden in the visible or in LWIR unpolarized im-
agery, are clearly visible in polarized LWIR imagery. This strong contrast in imaging
is due to polarization sensitivity of human made objects. Enhanced target detection

can be achieved by imaging polarimetry, leading to extensive military applications.

Use of resonant cavities to change absorption peaks and to enhance them has been
attempted in MWIR and LWIR regions. Fabry-Perot cavities, which are epitaxially
grown, and microelectronic mechanical actuators (MEMS) [43, 72] are some of the
techniques used to modify the detector response. Another approach is to use gratings
etched on to the surface of the detector. This has resulted in improving performance
of QWIPs in LWIR region. Gratings etched into the active region couple incident
light to higher order modes enabling higher absorption [73, 74]. The use of dielectric
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Figure 3.2: CO9 sensing using two back to back biased diodes. The blue channel
images have a cutoff of 4 ym and the red channel images a cutoff of 5 ym. The
difference image shows COgy absorption at 4.2 pm clearly[48]. An image of the
fabricated FPA with three contact pads per pixel is also shown in D).

and metallic deep etched photonic crystals have been attempted in LWIR region
[44, 55]. The high aspect ratio needed in etching makes processing difficult and

increases dark current in these devices.

In this chapter, a novel method to encode spectral and polarization informa-
tion inside a pixel is demonstrated. The response of DWELL detectors is tuned by
coupling absorption of DWELL active region to resonant modes of a subwavelength
nanostructure, integrated with the top surface of the conventional detector. The cou-

pling of a resonant system with detector makes the absorption a function of spectral
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Figure 3.3: A) Visible image of a scene. B)LWIR image of the same scene. C)
Polarization image of the scene showing presence of two trucks, which are not visible
in the visible and LWIR images [64]

and polarization sensitivity of the pattern integrated. Peak absorption can be tuned
by changing the pitch of the pattern. This allows for multi-spectral sensing without
the need to have external optics, and makes multi-spectral detectors cheaper and
practical. As a result of coupling enhanced the near-field intensity with intersub-
band transitions of DWELLs, the detector absorption is increased manyfold. This
technique requires simplified processing, does not increase dark currents, is detector

agnostic and can easily be transferred to a focal plane array.
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3.2 Surface Plasmons

Surface plasmons (SP) are bound electromagnetic (EM) excitations propagating at
an interface between a metal and a semiconductor. The origin of these surface waves
is a coupling of EM fields to electron plasma of the conductor [75, 76]. These waves
propagate along the metal-semiconductor interface and are evanescently confined in
perpendicular directions. Renewed interest in this field was initiated through the phe-
nomenon of extraordinary transmission through structured subwavelength apertures
[77]. An enhanced transmission efficiency, which cannot be described by classical
treatment of apertures [78] and strong resonant peaks in transmission were observed
in subwavelength periodic holes on metals. The appearance of these resonances is

attributed to excitation of surface plasmons at the metal-semiconductor interface.

The dispersion relation of a surface plasmon bound at the metal semiconductor

interface is given by

w EmEd
ksp = —
c\ €n+ €

(3.1)

where w is the frequency of the incident wave, c the velocity of light and € the complex
dielectric function. Subscripts m and d describe metal and dielectric respectively.
A plot of the dispersion is shown for the GaAs-Ag interface interface in Figure 3.4.
Equation 3.1 is valid for both real and complex parts of the plasmon wavevector. The
real part corresponds to propagation constant, and the imaginary part corresponds
to propagation length of the plasmon before it is damped. The dispersion curve of
surface plasmons lies to the right of light line separating free space and evanescent
photons. The momentum of a surface plasmon is greater than momentum of a free
space photon. Thus, it is not possible to directly couple into plasmons propagating
at a metal semiconductor interface. Special prism coupling schemes (like the Otto

or Kretschmann configurations [75]) or gratings are required to provide additional

48



Chapter 3. Multispectral DWELL Detectors

momentum required for coupling a free space photon to SP modes.

Surface Plasmon Dispersion Metal/GaAs Interface

1 T T T T
Real(Permittivity)
09 - A
08 - b
0.7 b
0.6 - i
o
8 o5f E
38
04 A
03
k.
Lhin 4
0.2 G
0.1 B
O | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3.4: Surface plasmon dispersion relation at the GaAs-silver interface. The
plasmon wavevector lies on evanescent side of the dispersion diagram.

For a wave incident at an angle #, the relationship between the SP wavevector

ksp, incident wave vector ko and the grating vector G is given by

ksy = kosinf + G (3.2)

For a normally incident wave 8 = 0 and all of the momentum has to be provided by
the grating. For a square lattice periodic grating used in this work, the dispersion
relation can be transformed to a relation between the resonant wavelengths \;; and

the grating pitch a as
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a €Em€d
Aij = 3.3
TV em + e (3:3)

where i and j are order of plasmon excitations. The symmetric nature of the square

lattice allows for two degenerate modes for each excitation order. Plots of the sim-
ulated and measured transmission spectra for a square lattice of pitch 2.9 pym are
shown in Figure 3.5. Two resonant peaks, corresponding to the first and second

order plasmon excitation can be observed.
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Figure 3.5: Simulated and measured transmission for a square lattice of square holes
with a period of 2.9um: A) Simulated transmission B) Measured transmission. Large
area samples for transmission measurements were fabricated using interferometric
lithography:.

The phenomena of enhanced transmission, high near field intensity, and the abil-
ity to concentrate light beyond the diffraction limit has been used in demonstrating
emitters, waveguides, antennae, lasers, and switches [79, 80]. Several researchers
have discussed the potential of integrating surface plasmon nanostructures with pho-
tovoltaic and sensing applications to improve device efficiency [79, 81]. Traditionally,
these devices use optically thick layers of active material, comparable to the diffusion
length of carriers to maximize efficiency. The application of surface plasmons towards

these systems is two fold: the first is to take advantage of the increased transmis-
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sion due to plasmons and their near field focusing properties, to improve sensitivity
of devices [77]. Surface plasmons are strongly confined to the metal-semiconductor
interface, with an exponentially decaying field. This resonant field is coupled to an
absorber placed in the near field region, leading to an enhancement. The second ef-
fect is to take advantage of resonant properties of plasmons to create photon sorters
or filters. The strong affinity of resonant peaks with pitch of the fabricated pattern
has been used to fabricate spectral and polarization filters [82]. A monolithic inte-
gration of the filtering aspects along with the enhanced sensitivity can be used to

improve both the sensitivity and spectral selectivity of devices [83].

3.3 Design

The subwavelength nanostructure used in this work to excite surface plasmons con-
sists of square holes in a square lattice, forming an inductive grid [84]. The use of a
metallic layer has several advantages. One is the potential use as an integrated top
contact, if the metal and semiconductor combination can provide an ohmic contact.
The square pattern provides a fully connected region, which can be easily modified
to create polarization sensitive and insensitive devices. The DWELL design offers
an excellent platform to couple surface plasmons for enhancement and tuning. The
single pass absorption efficiency of DWELLSs is a few % [29], offering scope for a lot
of improvement. The losses introduced by the absorber region are minimal and do

not affect the resonant behavior of the system.

Finite difference time domain (FDTD) simulations were performed on detector
structures, to understand and predict the effect of integrating a subwavelength pat-
tern with a DWELL absorber region, using commercially available Lumerical® soft-
ware. Two epitaxial designs were considered for simulations: One has a single well

DWELL design consisting of 15 stacks of absorbers and the other has 30 stacks
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X

Figure 3.6: Schematic of the structure used for FDTD simulation. The absorber
region has 30 stacks of DDWELL absorber, with a thickness of 2.4 pm.

of DDWELL design. A 1% normal incidence single pass absorption for 15 stack
DWELL and 2% for 30 stack DDWELL designs is assumed [29]. These fmeasure-
ments agree well with the previously reported values of absorption measured on 30
stack DWELLs with similar structures. Silver was used as the plasmonic metal, and
its permittivity was calculated using the Drude model. The thickness of active re-
gions were 0.965 pm and 2.45 pm for DWELL and DDWELL samples respectively.
In order to provide a vertical confinement for the field, a thick Aly70Gag30As layer

was considered as a cladding below the bottom contact region. The metal layer at
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the top along with the Al 70Gag 30As forms a metal-semiconductor-semiconductor

(MSS) waveguide, providing vertical confinement.
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Figure 3.7: Ez field profile for the fundamental mode and a higher order mode of
absorption. The confinement of fundamental mode is 91% and that of higher order
mode 94%.

A schematic of one of the structures analyzed is shown in Figure 3.6. It consists
of a patterned top metal layer, doped top and bottom contacts with the active
region in between, and a cladding layer (optional) below the bottom contact layer
The simulated structure has a lattice constant of a=2.939 pum, a hole width w to
lattice constant ration w/a = 0.567 and a top metal thickness of 150 nm. An infinite
periodic approximation was used along x and y directions, essentially simulating
a large number of periods of the pattern. A perfectly matching layer (PML) was
assumed along z direction. The system was illuminated with a polarized plane wave
source, incident normal to the surface. The power propagating through the structure
is monitored and the absorption of the detector calculated as Ay = T'(z1) — T'(29),
where T is transmission, z; is top of the active region and 2, is bottom of the active

region.
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The use of Aly 70Gag 30As cladding improves confinement within the active re-
gion. As shown in Figure 3.7, for a structure with a cladding layer, the E, profile
of the fundamental mode has a 91% confinement, in contrast to purely dielectric
waveguides with much lower confinements. For a structure with no cladding the
confinement is 56%. The ability to grow thicker absorber layers using a DDWELL
design, thereby confining a greater portion of the energy within the active region, has
been a great advantage here. The corresponding confinement for a single well based
DWELL design is 42%, which indicates that a large portion of the energy is leaks
into the cladding/substrate and does not contribute to absorption. The absorption
is directly proportional to the strength of electric field and the confinement within
the active region. A larger confinement within the active region can lead to a higher

enhancement of absorption for these devices.

5 43
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Figure 3.8: Absorption of the DDWELL detector with no cladding. The absorption
is enhanced by a factor of 2. The low enhancement is as a result of a low confinement
factor for mode energy within the active region.

The plots of simulated absorption are shown in Figure 3.8 and Figure 3.9 for
devices without and with an Al 70Gag 39As cladding layer. For a device with a
cladding the peak absorption is A;=11.5%, assuming A py=2% single pass DWELL
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Figure 3.9: Simulated absorption of DDWELL detector an Al 70Ga) 30As cladding
layer below the bottom contact. A peak enhancement factor of 5.7 is predicted for

the fundamental mode. A baseline is shown, indicating the single pass absorption of
the DWELL region.

absorption. This corresponds to a peak enhancement factor £ = Ay/Apw of 5.75,
when compared to a device no integrated pattern. The calculation of this enhance-
ment does not remove area covered with metal in the computation, as is done for
computing enhancement in extraordinary transmission through patterned thin metal-
lic layers [77]. For a standard DWELL epitaxial design, the enhancement factor is
~2, as there is no cladding to prevent the mode energy leaking into the substrate.
The absorption shows several resonant modes, which can be used to sense multiple
wavelengths at the same time. The origin and nature of these modes is discussed
in chapter 4. The confinement factor for higher order modes of absorption is also
plotted in Figure 3.7. The higher order mode has a confinement factor of 94%, which
is higher than the fundamental mode. The peak amplitude of the field, however, is
lower. The absorption being a function of net energy present in the active region is

therefore lower for the higher order mode.

Electric field profiles of the fundamental mode mode along different planes of
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Figure 3.10: A), B)y-z field profile of the fundamental absorption feature at A=9.6
um.C), D) x-y field profile for the fundamental mode for two orthogonal polarizations.
The modes are identical except for the 90° rotated field profile

the structure are shown Figure 3.10. Due to the symmetry of the square lattice,
two degenerate modes are present for each absorption feature. The field profile of
one mode is rotated 90° with respect to the other mode. The y-z field profiles
of the two orthogonal modes for the highest wavelength absorption feature (A=9.6
pum) are shown in Figure 3.10 A) and B). The x-y field field profiles at the metal
semiconductor interface for the two modes are shown in Figure 3.10 C) and D). The
field is concentrated near hole edges in x-y direction and has a evanescent decay in

7 direction.

The presence of two degenerate modes with identical absorption characteristics,
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Figure 3.11: (A)Bandstructure of the square lattice: (B) Band profile near the I'
point. Degenerate flatband modes can be observed. (C) Bandstructure of stretched
and compressed lattice at the I' point. The modes of (B) are split in frequency as a
result of the broken symmetry [58]

but different polarization features can be exploited to design polarization sensitive
detectors. If the symmetry of the square structure is broken, the modes are no longer
degenerate and are separated in wavelength. Simulated TM bandstructures of the
square lattice are shown in Figure 3.11 [58]. There is no bandgap in this structure.
Instead, two orthogonal flatband modes are present at the I' point, to which free
space waves easily couple. Low group velocity of these modes confines it in the
active region, enabling higher absorption. The symmetry of the square lattice allows
presence of two orthogonal modes, one polarized in the x direction and other in the y
direction. In a perfect square lattice, these modes are degenerate. The bandstructure
for a system, where the lattice is stretched by 10% in one direction and compressed
by 10% in the orthogonal direction is shown in Figure 3.11 C). The two orthogonal
modes split in frequency as a result of lattice asymmetry. These modes would be
strongly polarization dependent, and detection of these modes can provide a scheme

for encoding polarization in pixels.
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3.4 Fabrication

Detector structures were processed using standard techniques of mesa etching, pas-
sivation and contact metal deposition as described in Appendix B. Fabricated pixels
consisted of top-illuminated 410 pym x 410 pm square mesas, with aperture diameters
ranging between 25 and 300um. A thin layer of SiN, was deposited as a passivation
layer, followed by a contact metal and a thin plasmonic metal (Ti/Ag) evaporation
by e-beam deposition. Ti acts as an adhesion layer and Ag is the plasmonic layer.
The plasmon metal covers entire aperture of the detector, eliminating detector re-
sponse to IR light. Care was taken to cover all excess area on the device by metal,
to reduce substrate scattering. Reduction of optical scattering is of paramount im-
portance in these devices, as each detector has a different spectral response from its
neighbor. Any scattering or crosstalk between pixels or collection through exposed
areas in the mesa, can lead to light being coupled to the absorber without involv-
ing the surface pattern. This will manifest as incompletely suppressed absorption

features from control sample in the output spectrum.

Following this, three sets of samples were fabricated using e-beam lithography
and Ar based dry etching: Sample A with 15 stacks of DWELL active region, sam-
ple B and sample C with 30 stacks of DDWELL absorber. Sample A and B have
periodic square holes in a square lattice pattern, while sample C had lattice constants
stretched in one direction and compressed in the orthogonal direction. Two control
samples without plasmon metal were also prepared, controll for sample A and con-
trol2 for samples B and C, as they have the same active region, to compare the effect
of integrating subwavelength patterns with the detector. The patterned samples and
the control sample were part of the same growth and were processed together till
the plasmon metal step, to eliminate variations in growth and processing. A top
view of the fabricated detector is shown in Figure 3.12 A) and an SEM image of the
fabricated lattice is shown in Figure 3.12 B). A cross sectional SEM of a fabricated
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Figure 3.12: Images of fabricated plasmonic DWELL/DDWELL detector. A) Opti-
cal image of the fabricated detector. Mesa, top metal, bottom metal and plasmonic
metal can be observed. The square region at the center shows the fabricated pattern.
B) Scanning electron microscopy (SEM) image of etched pattern inside the detec-
tor aperture. The pattern is a rectangular lattice with square holes, formed from a
square lattice by stretching lattice constants in one direction and compressing it in
the orthogonal direction. C) Cross-sectional SEM images of a fabricated detector.
The top metal flows around the edges of the mesa, preventing light leakage through
the edges. SiNx is used as a passivant.

device is shown in Figure 3.12 C).
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3.5 Characterization

To characterize detectors, spectral response, signal, noise and dark current of the
devices were measured. Spectral measurements were done at various bias voltages
using a Nicolet 6700 FTIR. Spectral response of sample A for a bias of -4.2 V is
shown in Figure 3.13 and of sample B at a bias of 5 V in Figure 3.15, along with
control samples at the same bias. The spectral response of patterned devices show
the presence of resonant phenomena, showing a peak absorption for the detector at
the peak of the resonant cavity. The spectra of sample A show a marked difference
from the spectrum of the control sample. The spectra show two modes with peak
wavelengths of the fundamental mode varying from 8.5 to 9 um and 6.1 to 6.6 pum
for the higher order mode, while the control sample shows a response with a peak at
10.3 pm. Full width half maxima (FWHM) of the spectrum is 900 nm, indicating a
Q factor of 10. The additional peak observed in Figure 3.13 ¢) may be due to peel-off
of plasmon metal layer, coupling light to active region through the exposed areas.
In positive bias, the control sample shows a broad response from 7-11 pym. Spectral
response from the patterned devices plotted in Figure 3.14, have a single peak in
LWIR region. The response is narrower and the peak wavelength scales linearly as
pitch of the pattern. The excitation of higher order modes is lower in positive bias,

when compared to negative bias.

For sample B, by varying the lattice constant from 1.82 pm to 2.45 pum, peak
of the detector response has been tuned from 5.5 to 7.2 ym. The LWIR peak of
9.1 pm present in the control sample is suppressed and the lower wavelength peaks
corresponding to resonance have been enhanced. A higher order mode is also visible
at lower wavelengths, as predicted by the simulations. The observed spectral features
show good agreement in wavelength with predicted features from Figure 3.9. For
different bias voltages, the plasmon integrated devices show a behavior similar to

unpatterned devices. The peak intensity in MWIR and LWIR regions increase with
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Figure 3.13: Spectral response from sample A (DWELL material, square lattice)
obtained at 30 K, -4.2 V bias. Two modes of the resonant cavity, whose peak
wavelengths increase with the lattice constant can be seen.

the applied bias voltage, while the wavelength of the resonant peak is invariant, as

shown in Figure 3.16.

Spectral response from devices in sample C, which has a rectangular lattice (due
to stretching and compression of the square lattice), is shown in Figure 3.17 A) and
B). Device A) has a lattice constant of 2.1 ym in the x direction and 2.6 ym in
the y direction while device B) has lattice constants of 1.8 pum and 2.1 pm in x

and y directions respectively. The detector response for unpolarized light and light
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Figure 3.14: Spectral response from sample A at 4 V bias. A single mode is observed
in absorption.

polarized in orthogonal directions was measured using a wiregrid polarizer. Splitting
of degenerate modes and their stronger response to light polarized in one direction
can be observed. The mode in Figure 3.17 A) at 8 um is 90° polarized while the
mode at 6.6 pum is strongly polarized with light at 0° and has an intensity 2.26 times
that of 90° polarized light. In 3.17 B) the mode at 6.6 um is 90° polarized while the

one at 5.5 um is 0° polarized.

The resonant spectra of these devices can be measured at higher temperatures
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Figure 3.15: Normalized spectral response from sample B, measured at at 30 K
indicating tuning of peak wavelength with the lattice constant. The devices were
biased at a voltage of 5 V, except for plot i) which was biased at 3 V. Peak wavelength
variation from 5.5 pm to 7.2 pm is achieved by changing the lattice constant from
1.82 pm to 2.45 pm. A two point smoothing filter has been applied on the spectra.

without observing a significant degradation in SNR. A representative device from
sample B, with a pitch of 2.17 pm is shown in Figure 3.18. The spectrum has a peak
at 6.7 um. The LWIR peaks from the control sample are suppressed, as they are off

resonance.

The signal and noise of devices at 77 K was measured by irradiating with a
blackbody at 800 K. From these measurements, the peak responsivity and detectivity
are extracted, as explained in Appendix A. These are plotted as a function of the

applied bias in Figure 3.19 A), for a representative device. The peak detectivity
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Figure 3.16: Bias dependent spectra from sample B at 30 K. The peak intensity of
MWIR and LWIR tranisitions increase with the bias voltage.

observed for this sample is 3.1 x 10° cm-v/Hz/W at 4 V bias, for a wavelength of
6.7 pm. The peak wavelengths of the patterned and control samples are different
and hence for a fair comparison, their responsivity needs to be compared at the same

wavelength. The enhancement factor is defined as
R(\)

E=—"00
Rcontrol ()\z)

(3.4)

where R();) is responsivity of patterned detector at the resonant wavelength and
Reontrol(Ai) is responsivity of control sample at the same wavelength. The plasmonic
detectors show an enhancement in detectivity and responsivity, when compared to
the control sample. The observed enhancement factors for various wavelengths from
samples B and sample C are shown in Figure 3.19 B). The observed enhancement
factors vary between 1.5 to 5.5, with peak enhancement observed at 7.2 ym. This plot
represents a conservative estimate of the enhancement factor, as substrate scattering
is not eliminated completely in control samples. Enhancements in responsivity and

detectivity of samples are not identical, due to variations in noise between patterned

64



Chapter 3. Multispectral DWELL Detectors

A unpolarized 11 B) unpolarized
0.5 0.5
=S
s
g 0 A f 0 / t 7 t
s ! 0 polarized 1 0 polarized
2
()
= 05 05
©
=]
'&), 0 /—/\/\w\. 1 W
a ; % ‘ ' 0 Hase % ‘ )
! 90 polarized ! 90 polarized
05 05
0 ‘ r L L L
4 6 8 0 12 0 4 6 8 10 12
Wavelength (um) Wavelength (um)

Figure 3.17: Polarization dependent spectral response from devices in sample C
(DDWELL material, stretched lattice), at 5 V, 30 K. Response to unpolarized light,
light polarized at 0° and 90°. Polarization sensitive modes at different wavelengths,
due to different lattice constants in orthogonal directions can be observed. Sample
A is stretched in the x direction, while sample B is stretched in the y direction. The
resonant mode is dominated by 0° polarized light in A) and by 90° polarized light in
B).

sample and control sample. The difference in factors across various wavelengths
may be attributed to variations in DWELL absorption and processing of the cavity.
This enhancement is seen at wavelengths where the DWELL absorption peak is not
prominent. The device performance can be further improved by aligning resonant

wavelengths of surface patterns with peak absorption of DWELL layers.

[-V measurements of control sample and patterned devices were performed, to
examine the effect of patterning on dark currents. The average dark current density
of control samples and dark current densities from patterned devices are plotted in
Figure 3.20. The dark current of control sample falls within the statistical distri-
bution of dark currents in patterned samples, which indicates that the patterning
process has minimal a contribution to dark current of the detector. The variations

in dark current density may be due to pixel to pixel variations in processing and
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Figure 3.18: Spectral response measured at higher temperatures. Resonant spectra
from a device with a=2.17 um at 77 K and 5 V bias.

may not be due to the patterning process itself. This method of integrating cavities
minimizes damage to devices, as the patterning is confined to the surface and does

not etch the active region.

3.6 Conclusion

Integration of subwavelength metal nanostructures with DWELL detectors is dis-
cussed here. FDTD simulations predict absorption of the integrated structure to be
a function of both DWELL detector absorption and the resonant modes of integrated
patterns. An absorption enhancement is predicted for the detector. The peak wave-
lengths are dependent on pitch of the pattern integrated. A fully connected square
pattern allows seamless switching between polarization dependent and independent
sensing. By stretching and compressing lattice constant along orthogonal directions,

devices can be made polarization sensitive. Fabricated detectors show several reso-
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Figure 3.19: Measured responsivity and detectivity of plasmonic detectors. (A)
Responsivity and detectivity of a device from sample C at 77 K, with that of control
sample. The peak wavelength of control sample at positive and negative bias voltages
is 9.4 pm and 8.7 um respectively. The device from sample C has a peak wavelength
of 6.7 um. (B) Measured enhancement factors of detectors across various samples,
for a bias voltage of -5 and 5 V at 77 K. A peak enhancement is observed at 7.2 pm.
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Figure 3.20: Dark current measurements at 77 K for patterned and control samples.
The average dark current density for controll, control2 and representative detectors
from samples A, B and C are shown.

nant features, whose peaks scale with pitch of the subwavelength structure. Spectral
tuning is observed in MWIR and LWIR regions. A peak enhancement factor of 4.9
is observed at 7.2 pm. Devices integrated with rectangular lattices show a 3x po-
larization sensitivity. Dark current measurements indicate no statistically significant

increase in dark current from patterned samples.
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Chapter 4

Origin of Resonant Peaks in

Plasmonic DWELL Detectors

4.1 Introduction

The use of corrugated metal surfaces or structured metallic films to enhance and
improve the efficiency of devices has been a matter of intense study in the recent
past[78, 79, 85-87].. Several of these structures use a surface pattern for a 2D con-
finement (in x and y directions) and a vertical waveguide for z confinement. The use
of a metal - semiconductor - metal (MSM) , or metal - semiconductor - air (MSA)
or metal-semiconductor-semiconductor (MSS) structures, which confine the electric
field to the active region have been explored [56, 58, 88]. The presence of low index
cladding layer(s) in these structures result in the presence of propagating waveg-
uide modes in these structures, along with plasmon modes [88-90]. Both of these
modes have been predicted to aid enhancement of response from absorbers. A clear
understanding of the excitation of these modes and their interactions is necessary

to understand the origin of the enhancement and to optimize performance. In this
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chapter, the origin of resonant peaks observed in DWELL detectors with integrated
subwavelength patterns is discussed. By tailoring the coupling geometry and by
manipulating the absorber thickness, selective excitation of plasmon modes, waveg-
uide modes and a combination of the two is demonstrated. Attempts are made to
understand the origin of these modes, through identifying their spectral and spatial

characteristics.

4.2 Analysis of Resonant Features

In order to understand various resonant features, the absorption plot of a plasmon
assisted DDWELL detector with an Al 70Gag 30As cladding (sample B in chapter 3)
is reproduced in Figure 4.1 A). Six modes of absorption can be observed in this
sample, while a similar system with no Aly70GagsgAs cladding has two modes of
absorption. The presence of an Aly70Gag30As cladding, leading to the formation
of a MSS waveguide, can excite propagating waveguide modes within the struc-
ture. Waveguide modes in thin film structures have been predicted to enhance the
performance of solar cells integrated with corrugated metal patterns [88]. In order
to understand and analyze the contribution of each type of mode towards the en-
hancements described in chapter 3, it is necessary to separate out these modes in
wavelength. A common approach would be to scale the pitch of the pattern used to
couple from free space to the modes of the system. Detector structures were simu-
lated at a pitch of 2.38 pum to determine the effect of changing the pattern on the
resonant peaks of observed modes. The peaks of all features in absorption, however,
scale almost identically, making it difficult to separate out various modes, within the
limits of experimental resolution. Thus, selective excitation one type of mode over
the other is necessary for identifying enhancement mechanisms in plasmon assisted

DWELL devices.
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Figure 4.1: A) Absorption from a DDWELL sample integrated with an inductive
grid. Six modes of absorption are observed. B) Surface electric field intensity of the
same structure as a function of wavelength. Plasmonic modes show a high surface
field intensity, while waveguide modes have a weaker intensity at the interface.

The excitation of surface plasmons in a structure is strongly geometry dependent.
Minhas et al. have studied the transmission characteristics of inductive (a set of
periodic holes in metal) and capacitive (periodic metallic posts) grids in detail [84].
The excitation intensity of surface plasmon waves is dramatically different in these

two pattern types. A connected surface, like a set of holes in a lattice, has strong
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plasmon excitation features. Indeed, the fundamental mode and several higher order
modes are visible in the transmission spectra of a set of holes in metal. This is
one of the most common patterns used for coupling of plasmons with emitters or
absorbers [60, 77, 82, 91|. In contrast, the capacitive grid consists of individual
conduction points and does not have a connected conducting channel. This results
in fairly weak excitation of plasmons at the metal-semiconductor interface. In a
transmission geometry, these structures exhibit a minimum at the first order plasmon
mode with a broad transmission region in the higher order modes, see Figure 4.2 [84].
This is quite different from the transmission spectrum of inductive grids exhibiting
strong transmission peaks. The wide transmission region of a capacitive grid is also

indicative of the increased damping losses of surface plasmons in this structure.
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Figure 4.2: Transmission spectrum of an inductive grid. A broad region of high
transmission is observed.
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Figure 4.3: A) Inductive grid sample with 30 stack DDWELL B) Inductive grid
sample with 15 stack DWELL. C) Capacitive grid sample with 30 stack DDWELL.
The useful field contributing to intersubband absorption is shown in blue and the
field leaking to contacts/cladding is shown in green.

The strong contrast exhibited by inductive and capacitive grids in coupling plas-
mons can be exploited for selective excitement of plasmon and waveguide modes. Use
of an inductive grid as a surface pattern leads to strong excitation of plasmon modes.
In MSS structures, the waveguide modes are also excited, if they are supported. Sur-
face plasmons, being excited at the metal-semiconductor interface, exhibit a very high
field intensity there. The waveguide modes, however, are confined to the waveguide
formed by the metal-absorber-cladding region and to the substrate. These modes
are expected to exhibit a higher intensity inside the waveguide than at the metal-
semiconductor interface. This localization of energy from different types of modes in
the system can be used to distinguish between them. In planar systems, waveguide
modes have a sinusoidal distribution, and have a high field intensity farther away
from the waveguide boundary. A thin DWELL absorber placed in the evanescent
field region would primarily couple with plasmon modes having an exponential field
distribution with the semiconductor region. Capacitive grids, on the other hand,
would have a very weak excitation of plasmon modes. The excitation of waveguide

modes has a weaker dependence on the nature of the coupling pattern. A capacitive
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grid, therefore, would primarily excite waveguide modes in a MSS system.

Three detector structures are analyzed to determine the enhancement mecha-
nisms, by combining two coupling patterns and two absorber regions. The thicker
absorber used consisted of 30 stacks of DDWELL absorber and the thinner design
had 15 stacks of DWELL material. These were combined with inductive and capac-
itive grids to form three device structures. The first sample had an inductive grid
as the coupling pattern and a thick absorber (sample A); the second sample with an
inductive grid and a thin absorber (sample B); and finally a capacitive grid and a
thick absorber (sample A). An illustration of the three patterns fabricated is given

in Figure 4.3 A)-C) along with electric field distribution within the semiconductor.

The absorption features in the sample with thick absorber and inductive grid
are shown in Figure 4.1 A). In order to classify absorption features into plasmon
and waveguide ones, the surface electric field intensity at metal-semiconductor inter-
face is plotted in Figure 4.1 B). All the absorption peaks corresponding to plasmon
modes show a large field intensity at the metal-semiconductor interface. In order
to understand the contribution of waveguide modes to absorption, consider the rela-
tive intensities between the modes in Figure 4.1 A) and surface field intensities in the
same sample in Figure 4.1 B). Figure 4.1 A) shows that the absorption enhancements
of the fundamental plasmon mode, the fundamental waveguide mode and the higher
order waveguide mode are 5.5x, 2.78x and 2.07x respectively. The surface field in-
tensity of the waveguide modes present in Figure 4.1 B), however, is lower than the
intensity of the fundamental plasmon mode by a factor of 33x for the fundamental
waveguide mode, and by 13.6x for the higher order waveguide mode. Strong ab-
sorption features are observed, however, from these modes in Figure 4.1 A), despite
their low field intensity at the metal-semiconductor interface. This points us to the
conclusion that surface phenomena have a relatively low contribution towards the

origin of these features. The plasmon modes are marked P,,, in Figure 4.1, where
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Figure 4.4: A) Simulated absorption plots B) Electric field intensity at the metal-

semiconductor interface as a function of wavelength.

m is the order of plasmon excitation and n is the order in z direction (defined as the
growth direction). The waveguide modes are indicated as W,, where q is the order
of the mode. Thus Py is the fundamental plasmon mode, while Pyq is the first order
plasmon excitation and a zeroth order in the z direction. W; and Wy are the first
and second order TM waveguide modes of the structure. The fundamental plasmon

mode can be observed at 9.6 ym and the fundamental waveguide mode at 9.1 um,
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with higher order modes at lower wavelengths.
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Figure 4.5: A) Excitation of WG modes in absorption. Two modes are observed B)
Electric field intensity at the metal-semiconductor interface as a function of wave-
length.

For a device structure with a thinner absorber and an inductive grid as the cou-
pling pattern, four modes of absorption are observed in Figure 4.4. The surface elec-
tric field intensity as a function of wavelength in Figure 4.4 shows features matched in

wavelength and intensity to features of absorption. A strong correlation is observed
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between surface field intensity and the peaks in absorption, indicating that field ex-
cited at the metal-semiconductor interface is responsible for absorption. Thus all the
four modes of absorption correspond to plasmon modes. The thinner absorber has
a higher degree of spatial overlap with evanescent fields from plasmon modes, than
with field distribution from waveguide modes. This is illustrated in Figure 4.3. The
high intensity regions of waveguide modes are not within the DWELL absorber and
the lower spatial overlap reduces their intensity in absorption. A strategic placement
of an absorber within a MSS structure can be used to couple energy from a plasmon

mode or a waveguide mode, depending on the application.

For the sample with a thicker absorber and an inductive grid, use of a capacitive
grid as the surface pattern limits the excitation of surface plasmons at the metal-
semiconductor interface. As a result of the weak coupling, a significantly lower
absorption is expected in this sample from plasmonic effects. The dependence of
waveguide modes on the connected nature of the surface pattern is lower, except
for the purpose of coupling from free space to the waveguide. The absorption plot
of this structure in Figure 4.5 shows two features of absorption, matched in wave-
length to the features in Figure 4.1 A) from waveguide modes. The absorption from
plasmon modes is absent in this design. In Figure 4.1 B), the field intensity at the
metal-semiconductor interface for sample C is plotted. It is noted that at the in-
terface, Wi has a relatively low intensity, while Wy shows a high intensity. The
surface field intensity is a necessary, but not sufficient criteria for mode classifica-
tion. It is necessary to observe the spatial extent of the field intensity to ascertain
the nature of the mode. As illustrated in 4.3 C), the coupling from free space to the
metal-semiconductor structure can lead to a high intensity at the interface for even
waveguide modes. This intensity, however, does not extend into the absorber region

and subsequently does not contribute to absorption.

To examine spatial distribution of electric field, a plot of the Ej field profile
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Figure 4.6: A) Mode profile of the fundamental plasmon mode Pyy at 9.6 pm. B)
Fundamental waveguide mode Wj field profile. C), D) Field profile of P1y and Py
modes. Lines are drawn to indicate contact regions, waveguide and active regions.
The detector structure used is similar to Figure 3.6

of modes in samples A, B, and C in the y-z plane is shown in Figure 4.6. The
cross-section is taken at the x-edge of the hole or post as the case may be. The
fundamental plasmon mode of sample A at 9.6 um is depicted in Figure 4.6 A). This
mode shows a high intensity at the metal-semiconductor interface, followed by an
exponential decay into the active region. As a result of the exponential decay and
a thick absorber, a very high confinement factor of 91% is obtained for this mode.
The fundamental waveguide mode at 9.1 pm, shown in Figure 4.6 B), has its energy
concentrated in the waveguide. There is a significant spatial overlap between the
energy of the mode and the contact/substrate regions. This does not contribute to

absorption. The Pyg mode of sample B has a similar profile as the fundamental mode
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of sample A. This mode, however, has a lower confinement with the active region, as
a result of the thinner absorber. The evanescent field tails into the bottom contact.
The confinement factor for this mode is 42%, and hence a lower absorption of 4.9%
is obtained for this mode. The effect of spatial distribution of the higher order
plasmon mode at 6.77 pm (from sample B) is similar to that of waveguide modes.
The mode profile is characterized by several regions of enhanced intensity as shown in
Figure 4.6 D). Thus, the energy of this mode is not heavily concentrated in the active
region, and a lower absorption is seen at this wavelength. For the capacitive grid
in sample C, the maximum intensity occurs at the metal-semiconductor interface.
This peak intensity, however, does not extend into the active region and the spatial
mode decay rate is significantly higher than that of plasmon modes in 4.6 A) and
D). The coupling from free space to the waveguide may be responsible for this high
intensity. The absorption mostly occurs due to a lower field intensity distributed in

the absorbing region.

4.3 Fabrication and Experimental Characteriza-

tion

Square mesa structures were fabricated by dry etching, passivation and contact met-
alization. Once the individual detectors were fabricated, a control die was isolated
for each sample for comparative characterization. For fabricating an inductive grid,
the device aperture was covered with plasmon metal. E-beam lithography and dry
etching are then used to transfer the pattern from resist to the metal. The dry etch
process, involving physical removal of material from the aperture, introduces rough
edges that acting as scattering centers. For a capacitive grid, the pattern was etched
in e-beam resist, followed by a metalization (through e-beam evaporation) and lift-

off, to transfer patterns. An inverse process is necessitated for the inductive grid,
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as exposing a positive resist is easier in an electron beam lithography process. SEM

images of the fabricated structures are shown in Figure 4.7.

Figure 4.7: A) SEM image of an inductive grid consisting of periodic holes in metal.
B) Fabricated capacitive grid of metallic posts.

In 4.6 A) and B), the plasmon mode and waveguide modes have a strong spa-
tial overlap between them. The full width at half maximum (FWHM) of these
modes is essentially determined by the losses encountered at the metal, absorber
and the cladding. Additional losses are encountered by the finite in-plane extent of
the pattern, metal roughness and optical scattering in a fabricated device. Further
broadening of features is produced by the illumination optics. A non-zero angular de-
pendence of illumination leads to splitting of modes for plasmons, as the resonance
condition for excitation is dependent on the angle of incidence [92]. These losses
lead to further broadening of the spectral features. A broad spectrum for either the
waveguide or plasmon mode can lead to a coupling between these two modes, in
which a surface plasmon mode resident primarily at the metal-semiconductor inter-
face, couples light into the waveguide modes [88]. Currently, our model does not

account for this coupling that may be present between these modes.

Spectral response measurements from samples A, B and C were measured using a
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Figure 4.8: A)Measured spectrum from a detector integrated with inductive grid
B) Spectral response from a control sample with no grid. C) Normalized plot of
absorption showing excited modes.

FTIR at 30 K. The devices were biased to provide maximum spectral diversity in the
response. The measured spectra were normalized with the control sample spectrum
of that particular die, to observe the modes of absorption present. A representative
device from sample B is shown in Figure 4.8, along with the control sample spectrum.
Two modes of absorption are clearly visible in the detector response, while a third
mode is observed as a small kink in the spectral response. Upon normalization all

the three modes excited in the system can be clearly distinguished.

Table 4.1 summarizes the theoretically modeled and experimentally obtained val-
ues of a/\ for each of the samples A, B and C. The measured values of a/\ are
within 10% of the theoretically modeled values. For sample A, the measured spec-
trum shows two peaks, one at A = 5.5 um and a lower wavelength peak at \ =
3.9 um, see Figure 4.9. The spectral features observed in sample A have a quality

factor Q &~ 10. With this value of Q, the finer features of absorption cannot be
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Figure 4.9: Excited modes in a DDWELL detector integrated with inductive grid
(sample A). Pgy and Py modes are observed. Measurements performed at 30 K.

separated. The absorption is dominated by the fundamental plasmon mode Py and
the higher order mode Pqg, forming the two strongest absorption features in 4.9 .
The response is noisy at shorter wavelength edges partly due to the lower absorption
of the DWELL active region. A response enhancement of 4.9 x has been measured

for these samples.

For sample B, the response at 30 K shows three spectral features with the modes
Poo, P1p and Py in Figure 4.10. A thinner absorber, leading to a lower spatial
overlap between the plasmon and waveguide mode, may be the reason for improved
resolution in the spectrum from sample B. This is especially important in the design
of filters and multi-spectral detectors using plasmon based devices, where a reduced
crosstalk between bands is critical for the functionality. The effect of plasmon and
waveguide modes on the spectral shape and width would be a topic of future research.

The spectra obtained from sample C is shown in Figure 4.11. The fundamental
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Table 4.1: Theoretically modeled and experimentally obtained values of a/\ for
different modes in samples A, B and C. In sample A both plasmon and waveguide
modes can be excited, while sample B can excite only the plasmon modes and sample
C the waveguide modes. External loss factors and coupling limit the resolution of
features in the measured spectra.

Mode | Theory | Sample A | Sample B | Sample C
Poo 0.306 0.333 0.337 -
Po: 0.336 - 0.366 -
P | 0.428 0.471 0.462 -
P 0.462 - - -
Wi 0.322 - - 0.327
Wsy 0.446 - - -
a/\
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Figure 4.10: Excited modes in a DWELL detector integrated with inductive grid.
Three modes of absorption are observed.

waveguide mode W; is visible here at a wavelength of 5.81um. As the capacitive
grid limits excitation of plasmon modes, the spectral features originate entirely from

to the excitation of waveguide modes within the sample.

83



Chapter 4. Origin of Resonant Peaks in Plasmonic DWELL Detectors

a/\
0.76 0.38 0.25 0.19 0.15
4] T T T T T T T
=
S Wy Sample C
o 37 —— a=1.829um
Q ]
c
S |
A 2
Q
[
©
S
)
(9]
@
Q
(Vs
0
. 1 . 1 . 1 .
25 5 7.5 10 12,5

Wavelength(um)

Figure 4.11: Normalized spectrum from detector with a thick absorber and an induc-
tive grid (sample C). The fundamental waveguide mode is visible in the spectrum.

The measured responsivity and detectivity from devices patterned with an in-
ductive grid at 77 K is shown in Figure 4.12. These devices show a responsivity of
0.27 A/W and a high detectivity of 6.5 x10'° cm.v/Hz/W at 77 K. The detectivity
measurements were done with a background irradiation of 2w FOV, instead of f/2
FOV used in chapter 3. An enhancement of 2.2x has been observed for the response
when compared to the sample without a surface pattern. Note that the observed
enhancement for waveguide modes are lower than that for plasmon modes. In sys-
tems where enhancement over a broad spectral range is desired, both plasmon and
waveguide modes can be excited to provide gain over a set of discrete wavelengths

or a wide waveband.
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Figure 4.12: Measured responsivity and detecitivity from sample patterned with an
inductive grid, measured at 77 K

4.4 Conclusion

The origin of resonant peaks in plasmonic DWELL detector is analyzed in this chap-
ter. The simulated absorption features are compared to the surface field intensity
and spatial distribution of fields to identify their characteristics. Three detectors
samples, comprising of two active regions of different thicknesses and a different
surface pattern, are analyzed. Two enhancement mechanisms are observed in these
devices. Using inductive and capacitive grids as surface patterns, waveguide and
plasmon modes can be selectively excited within these detectors. Measured spectra
show the presence of several modes of absorption, which are classified. Use of a thin
absorber with an inductive grid shows excitation of plasmonic modes, while a thicker
absorber with an inductive grid excites waveguide modes. An enhancement of 2.2

was observed for the response from waveguide modes and 4.9 for plasmon modes.
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Conclusion and Future Work

5.1 Conclusion

In this work, improvements in DWELL infrared detectors that make them suitable for
third generation infrared systems are examined and implemented. DWELL detectors
offer several inherent advantages when compared to existing technologies. A low
noise, resonant nature of detection, the ability to tune absorption wavelength ,and
use of III-V technology make them attractive for enhanced functionality focal plane
arrays. This work focuses on two key characteristics of future infrared systems: High

temperature operation and multispectral /polarization detection.

Improved operating temperatures were demonstrated for LWIR detectors, by us-
ing new DDWELL based designs with thicker active regions. and lower dark cur-
rents. The strain introduced in the system was minimized by changing quantum
well material to unstrained GaAs from Ing5GaggsAs. In the new design, amount
of Ing.15GaggsAs is kept to a minimum, by using it only as a strain bed and a cap-
ping material. Several cycles of optimization were performed. PL, AFM and XRD

were the tools used for optimizing the structure. The final dot-in-a-double-well de-
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sign consisted of InAs dots embedded in Ing15GagssAs /GaAs quantum wells, with
Alg10GaggoAs as the barrier material. This system shows a lower PL wavelength
when compared to QDs from the standard DWELL structure, indicating better con-

finement. A 3x improvement is observed in the dot density.

Detectors fabricated using DDWELL design exhibit a dual color spectral response
and the ability to tune spectral response with bias voltage. Devices with peaks in
MWIR and LWIR regions were measured. The peak wavelength of absorption is
different for positive and negative bias polarities. Spectral response was observed
till 140 K for the LWIR peak, making these one of the highest reported operating
temperatures for QD based LWIR detectors. Calibrated radiometric measurements
were performed on devices to measure signal and noise. Optical scattering from
open areas between pixels and from the substrate creates additional photon collec-
tion. Measurements where scattering is not accounted for leads to overestimation of
responsivity in these devices. Efforts were made to measure detectors with different
apertures to minimize the amount of scattering. Use of thin metal layers to block
open areas of the mask were also performed. The detectors show a responsivity of
0.24 A/W at a bias of 5 V for a wavelength of 9.4 ym and 0.89 A/W at -5 V for a
wavelength of 8.7 um. High detectivities of 1.8 x101° cm.\/H—z/W at 4 V for 9.4 ym
and 6.7x10™ cm.v/Hz/W at -4 V for 8.7 ym were observed for a f/2 FOV. DDWELL
devices show a factor of 10? reduction in dark current density over standard DWELL

designs.

In the second part of this work, multispectral and polarization sensitive absorp-
tion is demonstrated providing additional functionalities to DWELL based detectors.
A subwavelength metal nanostructure is integrated with infrared detectors, resulting
in the excitation of resonant surface plasmons at the metal semiconductor interface.
A coupling of DWELL intersubband absorption with plasmons results in peak ab-
sorption of the detector, dependent on pitch and shape of the surface pattern. FDTD
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simulations were performed to estimate and analyze the effect of integrating surface
patterns with the detector. The propagation through subwavelength hole arrays was
modeled and large area structures were fabricated for testing. Simulations show sev-
eral resonant absorption features that vary with pitch of the array. An enhancement
of absorption is also predicted. Use of a square hole pattern in a square lattice results
in the presence of two degenerate modes of absorption, each strongly dependent on
incident polarization. By stretching and compressing the lattice, these modes are

separated in wavelength, and can be used for polarization sensitive detectors.

Surface patterns with square lattice and rectangular lattice were integrated with
DWELL and DDWELL based detectors. The lattice constants were scaled to include
MWIR and LWIR regions. Measured spectra show a response whose peak scales
linearly with pitch of the pattern. The shape of spectra observed are different from
the control sample spectra. Spectral tuning from 5.5 to 7.2 ym and 8.5 to 9 pm is
measured. Several modes of absorption are observed in measurements, whose peak
wavelengths agree well with simulated values. The responsivity and detectivity of
patterned samples is enhanced, when compared to a control device of the same wafer,
but without the surface pattern. Enhancements are observed across MWIR and
LWIR regions. A peak enhancement of 4.9 is measured. Dark current measurements

indicate no significant increase on surface patterned detectors.

Enhancement mechanisms in plasmonic infrared detectors are studied to under-
stand and engineer their aspects. Simulations indicate the presence of plasmon and
waveguide modes in these devices. Both of these modes are predicted to enhance
absorption. In order to study enhancement properties of each type of mode indi-
vidually, surface patterns that selectively excite one type of modes over the other
were integrated with the active region. The thickness of DWELL region is varied, to
modify the spatial overlap of energy with the absorber. Plasmon modes, waveguides

modes and a combination of the two are selectively excited. Spectral measurements
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from these devices indicate the excitation of several modes, and a possible coupling
between them. An enhancement factor of 2.2 is observed for waveguide modes and

4.9 for plasmon modes.

Encoding spectral and polarization information in a pixel can be achieved by a
one step lithography using the methods described above. This technique is simple,
cost effective and is independent of the detector technology used. Possible future
directions including demonstration of a multispectral FPA, integration with other

IR technologies and improved designs are discussed in the following section.

5.2 Future Directions

5.2.1 Plasmonic Enhancement for Other IR Technologies

The improvement in detector performance with the integration of surface plasmon
based cavities is not limited to DWELL detectors. The methods used in chapter 3
can be applied to most IR technologies currently used [93]. The integration of sur-
face patterns with an IR detector is independent of the detector technology used,
and can be used with IR technologies already deployed. Recently, integration of plas-
monic patterns with a QWIP has resulted in its performance improvement. These
devices have been able to absorb normally incident light, and show improvements in
detectivity [68]. Here, the integration of surface patterns with a bulk-like detector is

discussed, using SLS material system as an example.

SLS detectors use transitions between minibands formed in a InAs/(In)GaSb
superlattice for infrared detection [94, 95]. The InAs/GaSb band heterostructure has
a type-II broken band alignment, with the conduction band of InAs 0.129 eV lower
than the valence band of GaAs. When grown as a superlattice, this creates electron

and hole wavefunction localization. Infrared detectors based on these materials use
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transitions between electron and hole minibands for detection. SLS detectors have
several advantages over conventional IR materials. They use processing and growth
techniques of I1I-V materials, have better uniformity and are cheaper when compared
to HgCdTe based systems. The bandgap and bandalignment of the superlattice can
be changed using the composition of InAs/GaSb layers. Detectors in MWIR, LWIR
and VLWIR have been demonstrated using SLS technology [96-98|. The performance
of SLS detectors is comparable to that of HgCdTe detectors, the state of the art
technology in LWIR systems.

The absorption coefficient of SLS layers is dependent on the electron-hole wave-
function overlap. For MWIR devices, the overlap is high and thin layers of SLS can
be used to have high quantum efficiencies. The overlap decreases for LWIR designs.
With increasing wavelength, the quantum efficiency is found to be lower for the same
active region thickness. Though InAs and GaSb are lattice mismatched, use of strain
compensating InSb like interfaces or a layer of InSb grown between InAs and GaSb
have shown to relieve the strain [99]. Thus, it is possible to grow thick layers of
SLS without degrading the performance. SLS detectors have shown QE of 35 % in
MWIR FPAs and 20% in LWIR detectors [97, 100].

The spectral response of SLS detectors exhibit a broad profile, with no features
except the cut-off wavelength. The major advantage of integrating plasmonic cavities
would be to sense specific wavebands, which can be tuned by changing the surface

pattern [82].

Enhancement of SLS Detectors
The analysis used in chapter 3 assumes the use of a low loss semiconductor and

a metal with higher losses for coupling to plasmons. As a result,the evanescent

field extends has a longer tail into the semiconductor than the metal. DWELL
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structures provide a low loss absorber, which does not perturb the properties of the
surface plasmon at the metal-semiconductor region significantly. As the quantum
efficiency increases, the loss associated with the material increases. Simulations were
performed to analyze the effect of integrating a high QE material with plasmonic
patterns etched into the surface. The structures simulated are identical with the
ones shown in Figure 3.6, except for the high loss. Simulations were performed for a

material system with 10%QE. The absorption plot obtained is shown in Figure 5.1.
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Figure 5.1: Simulated absorption of a device with 10% single pass QE. The spectral
peaks are no longer prominent due to high damping loss of the system.

The absorption plots show two clear peaks corresponding to the first and second
order plasmon excitations. The resonance, however, is not sharp and the features
have a low Q. The high loss of the SLS layer underneath the top contact increases

damping loss of plasmons, and as a result a broad spectra is observed. The peak
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absorption is 17%, showing an enhancement factor of 1.7. This shows that a direct
integration of patterns with existing IR structures will not yield optimal results.
To obtain selection between spectral features, the losses encountered in the semi-
conductor region need to be reduced. The QE, and hence the loss associated with
absorption can be reduced by having thinner active regions with lower QE. Plasmonic
enhancement would also be more viable in the LWIR regime, where lower absorption

coefficient of the SLS material can be exploited.

Several SLS diodes use a homojunction bottom contact, where a highly doped SLS
layer having the same composition as the absorber is used as a bottom contact [100].
Incident IR radiation is absorbed in the active region as well as the contacts. Use of
thick doped regions as bottom contacts, necessary for a good bottom contact during
large area etching (critical for FPA fabrication) increases single pass absorption QE
of the detector. Integration of plasmonic features would not be effective on these
structures. Processing of these designs into detectors, leaving large open areas in the
mask, leads to optical scattering. This acts as an additional photon collection area,

and corrupting experimental measurements.

The use of cladding layers in DWELL detectors has improved the enhancement
factor and confinement of plasmon assisted detectors. Experimental measurements
indicate a superlattice refractive index of 3.78, providing little contrast with GaSh
(n=3.8) [101]. Hence, conventional SLS structures using a GaSb substrate would
provide very low confinement. A natural cladding can be obtained for SLS detectors
by growing them on GaAs substrates, instead of GaSb substrates. Several research
groups are trying to explore growth on GaAs substrates, as they are cheaper[102, 103].
The use of interfacial misfit (IMF) layer growth mode has been successfully demon-
strated at UNM, leading to defect free GaSb on GaAs [104, 105]. Infrared detectors
using this technique have been demonstrated in MWIR and LWIR regions. The use
of an IMF layer mode to grow a thin MWIR absorber based detector structure on
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Figure 5.2: SLS device grown on a GaAs substrate. A thin absorber is used to
minimize QE for the detector.

a GaAs substrate is proposed for generating plasmonic absorption features in SLS
devices, as shown in Figure 5.2. The critical component in this structure would be
growth of defect free SLS layers on GaSb, to limit dark current of the detector. Sub-
wavelenth patterns can be directly integrated with this device, without altering the

process flow.

5.2.2 Multispectral DWELL FPA

Integration of plasmonic resonators with a DWELL absorber has demonstrated en-
hancement of responsivity and detectivity of detectors, both in MWIR and LWIR

regions. Multi-spectral and polarization sensing is another feature of these detectors.
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A demonstration of a multi-spectral FPA with an enhanced absorption would have a
tremendous impact on IR sensing. With enhanced QEs, DWELL based FPAs can be
considered for third generation IR systems. Monolithically integrated multi-spectral

FPAs can be more cost efficient too.

The detectors described in chapter 3 are front side illuminated. Plasmonic pat-
terns are integrated on top contact of the as grown structure. In contrast, most I1I-V
FPAs currently used are back side illuminated. The FPA is processed from the front
side and is flip chip bonded to a silicon ROIC using indium bumps. Each FPA is
flip chip bonded individually, making it a serial process which is difficult to scale up.

The substrate is then removed and the FPA is illuminated from the backside.

For an enhanced absorption, DWELL absorber should be present in the near
field region of the evanescent field decaying from the metal-semiconductor interface.
Two schemes are proposed for integration of plasmonic structures with a FPA. In
one method, the FPA is processed, flip chip bonded and the substrate removed
before integrating plasmonic patterns. The pattern can then be integrated in a single
lithography step and metal deposition.The lithography for the plasmonic pattern and
the metal deposition are done on an already diced and bonded FPA. A schematic
of the finished FPA is shown Figure 5.3. The plasmonic pattern interacts with the
incident light in a similar way as a single pixel detector described in chapter 3. The
confinement of the field would be higher in this scheme, as the pattern is integrated
with a thin semiconductor region. The thick substrate that limits the index contrast
in a single pixel detector is absent in the case of an FPA and this can lead to a
higher confinement. A drawback of this method is the serial processing required for

the final lithography step.

For wafer level integration, a process in which the FPA has a finished plasmonic
pattern before dicing is required. This can be accomplished by processing the pattern

on the flip chip bonded contact (top contact) of each individual pixel. The plasmonic
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Figure 5.3: Schematic of a plasmonic FPA. The FPA is conventionally processed
and the metal nanostructure is integrated on to the backside. An additional lithog-
raphy step is the only additional step to current processing schemes to fabricate a
multispectral FPA.

pattern is processed initially, and the material is etched to define pixels afterwards.
Thus the pattern would be on the indium bump side of the FPA, rather than at
the illumination side, as was the case before. The use of indium bumps and an
underfill epoxy between the ROIC and the FPA reduces the index contrast for the
plasmonic pattern. Use of low index dielectrics like silicon nitride can be explored
to provide necessary index variation. A single pixel detector, in which enhancement

is dependent on the direction of illumination, has been demonstrated recently[106].

Infrared Superpixel

The dependence of absorption peaks on pitch of plasmonic pattern can be used to fab-
ricate FPAs with the ability to simultaneously image scenes in different wavelengths.

To this end, an “infrared superpixel” can be used as the unit cell of detection, instead
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of using an individual pixel. The superpixel consists of several pixels of the FPA,
each patterned with a slightly different pattern sensing a different wavelength. A
schematic is shown in Figure 5.4 for a 4 band multi-spectral FPA. The superpixel
unit cell has 4 individual pixels and is repeated with double the original pitch across
length and breadth of the FPA. This method makes the fabrication of multiband
FPAs cheaper and more efficient, and does not require external filters. In this exam-
ple, images in a specific waveband will have half the original resolution along each

of the two dimensions.
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Figure 5.4: A) SEM images of fabricated FPA pixels. A 2x2 array of individual
pixels is used as a superpixel. The image is taken from the backside of a bonded
and substrate removed FPA. B) Schematic of the superpixel lithography mask. Each
pixel has a subwavelength pattern resonant to a different wavelength.

Further research is required to fabricate ROICs with the ability to pick and choose
pixels to create images of a specific wavelength. The superpixel concept also needs
to be optimized for the optimal number of wavebands and their placement in MWIR
and LWIR for maximum spectral resolution. The human eye is able to image the
entire visible spectrum with just three different sensors with a large overlap between
them. A linear combination of the different wavebands sensed can be used to provide

a higher wavelength resolution than individual pixels. An algorithmic spectrometer,
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using the bias tunability of the DWELL design, uses a similar technique to provide
narrow filters in the 3-12 pm region[107]. The geometry of the superpixel is another
consideration for active research. The schematic shows a square geometry, which
conforms to the current ROIC architecture. Other geometries that minimize the

registration error and the FPA bandwidth efficiency can also be considered[108].

All the plasmonic patterns shown in this thesis have been fabricated with e-beam
lithography. For a response in the MWIR region, the hole width of the plasmonic
pattern becomes sub-micron and reaches the limit of conventional optical lithogra-
phy. For single pixel prototype fabrication e-beam lithography provides a viable
alternative. The area to be patterned in a 320x256 FPA is ~1 cm? and use of e-
beam lithography would be time consuming and expensive. Alternate lithography
techniques like interferometric lithography (IL) need to be explored for large scale

FPA fabrication.

5.2.3 Double Metal Waveguide Infrared Detector

The factors limiting the performance of a plasmon coupled FPA are external coupling
loss, metal loss and substrate loss. The substrate loss is directly related to the
coupling of incident radiation to the active region and increases with the coupling.
A critical coupling regime [58, 109] can be achieved by matching the input coupling
losses to losses within the detector. A double metal waveguide based design, in which
the active region is confined within a thin layer of metal on either side, is proposed
to this end. In a DMWG based design, the substrate loss is absent as the substrate
is no longer associated with the active region. With the DMWG design, it is possible
to match the external coupling losses to the detector losses, and a high absorption
can be achieved [58]. A DWMG metamaterial based absorber has recently been
demonstrated with a 95% absorption in the IR region[110].
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Bottom Contact

Plasmonic Pattern

Bonding Metal
GaAs Carrier Wafer

Figure 5.5: Schematic of a double metal waveguide detector. The wafer with the ac-
tive region is flipped and bonded with the carrier wafer though a metal-metal bonding
process. The substrate is removed, and the exposed active region is processed into
detector pixels

In order to enclose the active region between metallic waveguides, the substrate
should be completely removed and the exposed region metalized. To facilitate pro-
cessing the wafer with the active region can be bonded to a carrier wafer using
pressure bonding or eutectic based bonding, and the substrate removed [111-113].
DMWG based lasers have been demonstrated using this technique. A schematic of
the DMWG detector is shown in Figure 5.5. Once the device is bonded and substrate
removed, single pixels can be processed using standard techniques. In a DMWG de-
vice, the active region is electromagnetically isolated from the handler wafer through
a thick metallic layer. Thus, a large index contrast can be obtained between the
active region and the surroundings, increasing the confinement. The need to embed
the absorber in metallic regions can easily be achieved in conventional FPA process-
ing, as the device is flip chip bonded with no substrate. An additional lithography
step would make the conventional FPA a DMWG device. The DMWG architecture
can easily be implemented in a flip chip based processing technique without altering

the current processing steps.
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Characterization

A.1 Sample preparation

For measurements, detectors need to be cooled down to a low temperature, where
SNR is high. Typical temperatures range from 12 K to 160 K. A closed cycle He
cryostat or a liquid nitrogen cooled cryostat is used, providing a temperature range
from 12 K to RT. The cryostats have KBr windows, providing high transmission
in MWIR and LWIR regions. Other materials that may be used include CaFy or
thallium halogenide (KRS) in appropriate spectral windows. Devices are diced into
individual dies, wirebonded, and mounted on a 84 pin lead-less chip carrier (LCC).
A thermally conductive epoxy or soft metals like indium can be used for mounting.
The bonding is done with a commercial wire bonder having both ball and wedge
bond options. For samples with a rough or non-uniform metal contact surface, ball
bonds are difficult to stick. The excessive force used in bonding can damage the
device. Ball bonds, however, provide a better stability during thermal cycling, if
adhesion between bond and contact metal is good. The noise introduced from ball

bonds is lower when compared to wedge bonds. In this work, use of ball bonds has
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been preferred whenever measuring devices with low noise.

A.2 Spectral Response

Spectral response is measured using a FTIR. An optical image of the measurement
setup used is shown in Figure A.1. IR beam from the FTIR is taken out to an
external chamber and focused onto the detector mounted inside a close cycle cryo-
stat, using a parabolic mirror. Normalization of the output spectrum is performed,
for the source spectrum and transmission through atmosphere, using a deuterated

triglycerine sulphate (DTGS) detector.

Outpdt 8

Cryostat

Figure A.1: Schematic of spectral response measurement setup. A closed cycle cryo-
stat based on liquid helium is used with an FTIR for measurement. Images courtesy
Greg Bishop.
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A.3 Responsivity

Responsivity of a detector characterizes its performance in terms of the photocurrent
produced per unit value of incident photon flux. Using responsivity as a metric,
detectors of different sizes can be characterized for the amount of signal generated.
A schematic of the responsivity measurement setup is provided in Figure A.2. The
detector is illuminated with a calibrated Mikron M365 blackbody at 800K modulated
with a chopper. The chopper frequency is used as a trigger for the SRS760 fast
Fourier transform (FFT) spectrum analyzer. A SRS 570 low noise transimpedance
amplifier, that biases the devices and amplifies the measured photocurrent, provides
gain to the measurement system. The device is mounted in a liquid nitrogen cooled
cryostat equipped with a heater, providing a temperature range from 77 K to RT. In
order to account for any errors that may be present in the measurement geometry,
a calibrated InSb detector is used as a benchmark during each measurement. The
ratio of measured values of InSb responsivity and its acutal calibrated value provides
a scaling factor for DWELL responsivity. The peak responsivity of the device is then

measured as,

R=1/ [ " Ry (VLA T) App Age 02 (A1)

1
where Ry(N), Io, L., App, Aoy are the normalized spectral response, measured
photocurrent, the black body spectral excitance, area of the blackbody source |,
optical area of the detector and r, t, Fr are the the distance between the source
and the detector, the transmission of the window and geometrical scaling factor

respectively.

Presence of optical scattering provides a major challenge in measuring exact
values of responsivity in DWELL detectors. For a constant photon flux, the amount

of signal measured in a device scales linearly as its active optical area. Optical
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A
NA

Trigger

Current Amplifier

Figure A.2: Schematic of responsivity measurement setup. The same setup without
the blackbody and chopper is used for noise measurements.

scattering manifests as an additional photon collection area for the device, outside
its active optical area. This may be due to the presence of a thick substrate or open
areas in the mask contributing to additional photons reaching the active region. A
good estimate of optical scattering can be made by measuring devices with different
aperture sizes in each detector die. A plot of the signal obtained from devices with
different optical area is shown in Figure A.3. In an ideal case, this graph would pass
through the origin. The x intercept of this graph provides the additional collection
area, which can be used in Equation A.1 to estimate responsivity accurately. Note
that the values of all the other variables Equation A.1 need to be constant during

this measurement.

Another option to prevent optical scattering is the use of masks with no open
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Figure A.3: Signal of the detector measured as a function of the area of the aperture.
A non-zero offset is obtained, indicating presence of optical scattering.

regions between bottom contacts. All radiation incident on areas other than the
optical area are reflected away, limiting scattering. For measuring nanostructure
integrated devices described in chapter 3, this method was preferred. The spectral
response is dependent on the absorber as well as the integrated pattern. Thus,
response each device is different from that of its neighbor and from the scattering
area. To ensure that light is coupled only through the patterned optical area, all

other regions were covered with metal while measuring these devices.

The responsivity of a DWELL detector is related to the quantum efficiency as

_ 1Agq
= he

(A.2)

where g is the photoconductive gain of the system. The responsivity and quantum
efficiency as a function of wavelength can be obtained from the peak values calculated

above as
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R(\) = R,Rn() (A3)

A.4 Detectivity

Detectivity of a IR detector is a normalized metric for SNR. The signal is measured
to the area of the device (responsivity) and the noise measured is normalized to
both area and integration time. The background noise from the detector can be
measured using the setup described in section A.3. The detector is illuminated with a
background scene (with no blackbody), and the average noise PSD measured directly

from the spectrum analyzer. The major noise sources in a DWELL detector are

e 1/f noise
e Shot noise

e Johnson noise

In order to determine the shot noise, noise PSD from the detector is measured
at a frequency £>400 Hz. At lower frequencies, the 1/f noise dominates other noise
sources. This can be observed as a uniformly decreasing noise psd with frequency in
the FFT analyzer. For unpassivated devices, the contribution from 1/f noise increases
with time, and non-flat PSD can be observed at higher frequencies, extending to the
KHz range. At higher frequencies(f>4KHz, Johnson noise starts dominating the
detector performance. In all devices presented here, attempts have been made to

measure shot noise.

Ensuring that source of noise measured is the detector is very critical. Other

electrical systems operating can introduce noise, which can drown noise from the
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detector. This will lead to incorrect determination of detector noise and hence de-
tectivity. Several groups estimate detectivity from the dark current [114], but the
device will not match the performance of estimated numbers. The performance of an
FPA is ultimately determined by the measured SNR. Thus, an exact measurement
of noise is necessary to replicate the performance of a single pixel detector in a FPA.
Use of closed cycle cooling systems instead of liquid cooled cryostats increase system
noise. This can lead to incorrect noise measurements, if measured at low tempera-
tures and for detectors with low noise PSD. For the He based closed cycle cryostat
described in section A.1, the cryostat noise overwhelms the detector noise at tem-
peratures lower than 50 K. All noise measurements described have been performed

at T> 77 K using a liquid nitrogen cryostat.

The detectivity (D*) can be calculated from measured noise PSD and responsivity

as

b BVA

= 53D (A.4)

where A, is the total area of the detector. The noise PSD is normalized with
the net detector area, as this entire area contributes to noise current. In detector
structures described in Appendix B, this is the entire mesa area. This is different
from the optical area of Equation A.1, which is the area of the aperture. The noise

PSD is related to the noise current as

in
VAT

where i, is the noise current, and Af = 1/(2t), and t is the integration time used.

PSD =

(A.5)

The noise PSD, however, can directly be measured from the FFT analyzer.
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Processing

B.1 Single Pixel Detector Processing

Processing of a single pixel infrared detector involves the following steps.

Mesa etching

Passivation

Contact Metalization

Rapid Thermal Annealing

The patterns for each step are transferred to a photoresist (PR) using contact
optical lithography. The smallest features in this set of masks is 5 um, which makes
contact lithography ideal for large scale device fabrication. The lithography is per-
formed using a MJB3 aligner, with the ability to process 3" wafers. The photoresist
used for patterning is dependent upon thickness and depth of the underlying feature.
For DWELL devices with active region thickness between 1 and 3 pm, AZ 4330 pos-

itive tone resist is used. A adhesion promoter like hexamethyl di silacene (HMDS)
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may be used to promote bonding of photoresist with the wafer. A schematic of the

process flow is shown in Figure B.1.

SiNx Passivation

B)

Q)

et

Figure B.1: Schematic of single pixel fabrication. The top view of various features
is shown. A) Mesa etching; B) SiNx deposition and etching; C) Contact metal
deposition D) Plasmon metal deposition. All features in a subfigure are drawn to
scale with each other.

Devices can be isolated electrically by using dry etching, creating spatially sepa-
rated pixels, or using lateral diffusion of carriers to separate individual pixels[100]. In
this thesis, a dry etch process has been used to created mesa structures, to physically

isolated devices. The pixel sizes are 410 um x 410 pum square mesas. BClj is used
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as the etchant using an inductively coupled plasma (ICP) etcher, with a ICP power
of 500 W and RIE power of 90 W. The etch is anisotropic in nature and provides
vertical sidewalls. The etch rate ratio of PR to the active material is ~1:3. ICP is
mostly a physical etching process, where the bombardment of ions causes removal of
material. This can cause roughness and material damage on the newly etched sur-
face. A wet etch, which is entirely chemistry based, is used to smoothen the etched
surface and limit damage. A 50:1 mixture of citric acid and hydrogen peroxide, with
an etch rate of ~50 nm/min, is used. Hydrogen peroxide, being a spontaneously
dissociating compound, the concentration varies with time. This affects pH of the
etching solution. The pH of the etching solution was monitored and kept constant,

for a repeatable etch rate.

Photoresist

GaAs substrate

Figure B.2: Illustration of lithography for patterning. A) Wafer coated with pho-
toresist. B) Exposure with mask. C) Features are formed after development. The
mask for mesa patterning is used as an example.
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A passivant covers the exposed edges of the mesa and the exposed region. SiNx
is used as a passivant in all devices presented in this thesis. SiNx is deposited using
a PECVD process, using NHs, SiH,, and Ny at 300 °C. A high temperature process
provides denser nitride and limits the leakage current through the dielectric. The
thickness of the film is between 100-200 nm, to avoid cracking from the high stress
nature of thin film SiNx, but sufficiently thick to prevent leakage currents. Following
the deposition, photolithography is performed and SiNx is etched away from regions
forming top and bottom contacts. Unetched SiNx covers the sidewalls of the mesa,
and regions between detector pixels. A dry etch, using a combination of CHF3 and
Oy or CFy is used for etching. Use of buffered oxide (wet) etch (BOE) solution is

another option. An illustration is shown in Figure B.1 B).

The contact metal is then deposited through photolithography, e-beam metal
evaporation and liftoff. The n-contact metal for GaAs is Ge/Au/Ni/Au. The thick-
nesses are 26 nm, 54 nm, 15 nm and 300 nm respectively. As deposited, this contact
has a Schottky barrier for n-GaAs. A rapid thermal anneal is then performed at 380
°C for 60 s to form an ohmic contact. During this anneal process, Ge and Au layers
diffuse into the semiconductor region, forming a thin highly doped region at the sur-
face. Ni acts as a diffusion barrier and the top layer of Au provides a low value of
top contact resistance. A clear field mask is used with a negative resist (normally AZ
5214 E-IR) for the lithography. As illustrated in Figure B.3 C), the contact metal
covers edges of the mesa, and prevents light leakage into the active region. Optical
scattering cannot be completely eliminated , however, due to the presence of open

spaces between detectors.

For plasmon integrated devices, the fabrication of the subwavelength pattern is
performed using e-beam lithography. Inductive grids are fabricated through an initial
metal deposition process, followed by e-beam lithography and Ar based dry etching.

Capacitive grids on the other hand, can be fabricated directly using a e-beam lithog-
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raphy, metal deposition and liftoff. This difference in process is necessitated ,as the
area to patterned is lower for a positive tone e-beam resist, minimizing lithography

time.

Top contact

GaAs substrate

SiNx

Contact metal

Plasmon metal’

|

Contact metal

Top contact .
P Plasmonic pattern

GaAs substrate

Figure B.3: Fabrication of a single pixel detector. A) Mesa etching. B) Passivation
C) Contact metal deposition D) Plasmon metal deposition E) E-beam lithography
and etching/liftoff. Steps D) and E) are performed for integration of subwavelength
nanostructures with the processed detector.
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B.2 Wafer bonding

For fabrication of DMWG devices described in subsection 5.2.3, the active region
needs to bonded to a carrier wafer and the substrate removed. Two methods, both
of them using a metal-metal bonding have been attempted. In the first method,
a thick layer of Au (1 um) is deposited on the carrier wafer and n-GaAs contact
metal is deposited on the grown wafer. These wafers are then bonded together at
high temperature (330 °C)and pressure for 30 minutes, to create a strong Au-Au
adhesion bond. Another option is to form a Au-In eutectic as a bonding material.
Ge/Au/Ni/Au is deposited on the grown wafer and indium is deposited on the carrier
wafer. The thickness of the top Au layer and In layer is 1 pym. These wafers are
then heated at 250 °C for 15 minutes. The indium melts and diffuses into the Au
layer forming an In-Au eutectic, with a melting temperature close to 450 °C. This
eutectic acts as the bonding layer between the two wafers. Wafers of sizes 1 cm x 2

cm have been bonded using these techniques.

A substrate removal process was developed for GaAs substrates in-house as part
of this thesis work. A wet etch based process providing a high selectivity is used. The
etch used is a 1:4 combination of hydrogen peroxide and citric acid. Al,Ga;_,As,
x>0.7 has been used as an etch stop layer. The etch rate of the solution is ~20
pm/hr; with no agitation. A combination of citric acid and peroxide etches gal-
lium containing compounds, while the etch rate decreases with increasing aluminum
content of the material. This differential etch rate is exploited to develop a cheap
substrate removal process, effective for large areas. The largest size wafers used have

been one inch in diameter.

The critical step in this etch process is preparation of the etching solution. Citric
acid is commercially available as an anhydrous powder. To prepare the liquid, it

is mixed with water to form a supersaturated solution. Dissolution of citric acid
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in water is an endothermic process, requiring external heat for the process. Long
agitation and wait periods are necessary to produce a complete dissolution. In this
thesis, anhydrous acid and water were mixed and agitated for 45 minutes, and left
for 12-15 hours to achieve a solution of desired molarity. Hydrogen peroxide (30%)
stored at room temperature was found be ineffective in providing a selective etch in
3-4 weeks, due to loss of strength of the solution. This strong dependence of etch
selectivity on the dissociation rate has never been reported previously in other uses
of peroxide as an oxidiser, including the use in piranha solution used for etching. An
optical image of the bonded wafer with the substrate removed is shown in Figure B.4.

Nomarski images at various magnifications show a smooth surface.
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Figure B.4: Images of substrate removal process. A) Wet etching process for sub-
strate removal. The sample is dipped in a mixture of citric acid and hydrogen
peroxide, with no agitation. A smooth and shiny surface, comparable to a epitax-
ially grown layer, indicates complete substrate removal. The samples are mounted
on a glass slide. B) A bonded and substrate removed sample. The sample is bonded
using a Au-In bonding process. A GaAs substrate is used as the carrier wafer. C),
D) Nomarski images obtained at 10x and 100x magnification.
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