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ABSTRACT

CHARACTERIZATION OF MWIR QUANTUM WELL INFRARED
PHOTODETECTORS IMAGING SENSOR ARRAYS ON INP
SUBSTRATES

Tanis, Onur
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Cengiz Besikci

September 2023, 85 pages

QWIP (Quantum Well Infrared Photodetector) technology has been researched for
over 30 years to create a strong alternative to low bandgap material-based IR
(Infrared) technologies. However, low conversion efficiency of QWIPs based on
standard material system has delayed the actual potential of this technology. The
emergence of the InP based QWIP FPAs (Focal Plane Arrays) has great potential to
make QWIP technology attractive again. InP/InyGai-xAs based QWIP FPAs with
high indium mole fraction can reach conversion efficiency as high as 70% in the
MWIR (Mid-wave Infrared) band with the ability of sensing of normal radiation
which allows utilization of high performance QWIP based FPAs for low background
and high-speed applications. In other respects, an FPA must have extra
qualifications. Today’s new generation FPAs need new features. These can be
categorized as very high uniformity, operability, stability, correctability, scalability,
and manufacturability with low pitch. In the scope of the thesis work,
InP/Ing.gsGao.1sAs and InP/InAs based diffraction-grating free QWIP FPAs with
640x512 format and 15 um pitch were characterized. InP/Ing ssGao.15As based FPA
exhibited mean NETD (Noise Equivalent Temperature Difference) of 20.2 mK at 20



ms integration time and InP/InAs based FPA demonstrated 27.8 mK NETD at 10 ms
integration time. Although both designs have strained lattice structure, FPAs yielded
very high uniformity. The absence of the optical coupler removes a challenging
fabrication step. Mature fabrication processes of the 111-V material system ease the
production. Widely accessible InP substrates make this technology affordable and

reachable.

Keywords: QWIP, FPA, MWIR, infrared, InP
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0z

INP TABAN UZERINDE MWIR KUANTUM KUYULU KIZILOTESI
FOTODEDEKTOR GORUNTULEME SENSORLERININ
KARAKTERIZASYONU

Tamnig, Onur
Yiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Y oneticisi: Prof. Dr. Cengiz Besikei

Eyliil 2023, 85 sayfa

Kuantum kuyulu kizilétesi fotodetektor (KKKF) teknolojisi otuz yili askin siiredir
disiik bant aralikli yar1 iletken malzemesine dayanan kizilotesi detektor
teknolojilerine alternatif olusturmak igin arastirilmaktadir. Fakat, standart materyal
sistemine dayanan KKKF’ler bu teknolojinin ger¢ek potansiyelini geciktirmistir. InP
materyal sistemi tabanli KKKF odak diizlem matrislerini (ODK) ortaya ¢ikmasi
KKKF teknolojisini yeniden ilgi ¢ekici duruma getirmek igin biiyiikk potansiyele
sahiptir. Orta dalga boyu kizilotesi (ODBK) bandinda kullanilan yiiksek indiyum
mol oranina sahip InP/InyGaixAs tabanli KKKF ODK’ler dik diisen radyasyonu
algilama yetenegi oldugundan %70 doniisiim verimliligine ulasabilirler ve diisiik 151k
ortami ve yliksek kare sayisi ihtiyaci olan uygulamalarda kullanilabilirler. Bunun
yam sira, ginimiizde yeni nesil ODK’lerde ek yeni ozelliklere de ihtiyag
duyulmaktadir. Bunlar diisiikk piksel adimiyla beraber ¢ok yiiksek tekdiizelik,
caligabilirlik, kararlilik, diizeltilebilirlik, 6lgeklenebilirlik ve iiretilebilirlik olarak
kategorize edilebilir. Bu tez calismasi kapsaminda kirimim 1zgarasi olmayan
INP/Ing.ssGap.15AS ve InP/InAs tabanli 640x512 formatina ve 15 um piksel adimina
sahip KKKF ODK’ler karakterize edilmistir. InP/Ing.gsGap.1sAs tabanli ODK 20 ms

vii



entegrasyon zamaniyla ortalama 20.2 mK giiriiltii esdeger sicaklik farkina (GESF)
ve InP/InAs tabanli ODK 10 ms entegrasyon zamaniyla ortalama 27.8 mK giiriiltii
esdeger sicaklik farkina denk performans gosterdiler. Her iki tasarim da gergin orgii
yapisina sahip olmasma ragmen ODK’ler yiiksek tekdiizelik sundular. Optik
baglastiricinin olmayisi, zorlayict bir iiretim adimini ortadan kaldirmaktadir. 111-V
malzeme sistemlerinin olgun fabrikasyon adimlari, KKKF ODK’lerin iretimi
kolaylastirmaktadir. Kolay erisebilir InP alttaglar ise tretim maliyetini kolay

karsilanabilir ve ulasilabilir hale getirmektedir.

Anahtar Kelimeler: KKKF, ODK, ODBK, kizil6tesi, InP
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CHAPTER 1

INTRODUCTION

Electromagnetic radiation having wavelengths between wavelength of visible light
and radio waves is called Infrared Radiation (IR). Typically, it covers the region
between 0.7 um and 100 pm and is invisible to the human eye. Yet, this does not
mean that IR is insensible by humans. Human skin can sense the heat increase due
to IR. The first observation of IR was in 1681. E. Mariotte realized that the visible
part of sunlight falling on glass can pass through it [1]. However, the transmission
of the heat, IR, was blocked by the glass and an object behind the glass did not warm
up [1]. The observation is also known as the greenhouse effect [1]. In 1800, W.
Herschel demonstrated an experiment by falling light on a thermometer [2]. He
passed the sunlight through a prism and realized that beyond red light, even though
there was not any visible radiation, an unforeseen increase in thermometer reading
occurred [2]. The experiment revealed the presence of invisible radiation, infrared
[2]. After the discovery of IR, many efforts have been made to detect it. In 1821 T.
J. Seeback showed the effect of thermoelectricity and presented the first
thermocouple [3]. The first bolometer which is based on resistance change in the
case of incident IR was developed by Langley in 1880 [3]. He observed solar
irradiation and measured its intensity at different wavelengths [3]. Up to the 20™

century, thermal detectors had been used to sense IR [3].

In order to increase the sensitivity further, the first photon detector was developed in
1917 by T.W. Case. He observed that a material based on sulfur and thallium
exhibited photoconductivity to IR but unstable resistance, high noise characteristics,

and loss of responsivity in the case of high exposure to light were weaknesses of this



type of detector [3]. In 1930, lead sulfide (PbS) photoconductive detectors having a
response between 1.5 um and 3.0 pm was developed by E.W. Kutzscher [3]. These
detectors were thin films fabricated with evaporation techniques [3]. More sensitive
Pb-based detectors such as lead selenide (PbSe) and lead telluride (PbTe) were
developed in 1944 [3]. The usage of narrow-bandgap semiconductors like indium
antimonide (InSb) and mercury cadmium telluride (HgCdTe) enhanced IR detection
further [3]. Numerous photodetectors have been fabricated with InSb and HgCdTe
technologies. However, design restrictions of InSh, the production difficulties of
HgCdTe and the high cost stimulated the development of 111-V larger bandgap-based
photodetectors. Quantum Well Infrared Detectors (QWIPs) have been researched
since 1987 [4]. Today, QWIP technology is considered as an inexpensive alternative
to other low bandgap IR technologies thanks to low-cost substrates and mature
fabrication techniques of I11-V material systems. Robustness and stability over time
and outstanding uniformity, make them one of the effective members of the IR

detector family both for single-pixel and focal plane array (FPA) applications.

1.1 Infrared Radiation Fundamentals

1.1.1 Blackbody Radiation

If an object has a temperature above absolute zero Kelvin, it emits electromagnetic
radiation. The amount of radiated power and spectral density of the radiation depends
on the object's temperature and emissivity and higher object temperature results in a
larger amount of radiant power. The energy of a photon in emitted radiation depends
on its wavelength and the relationship is given by [5]:

where E is the energy of the photon, A is the wavelength of the photon, h is Planck’s

constant, and c is the speed of light.



Radiation incident on a substance is absorbed in the form of energy, reflected at the
surface, or transmitted through it. The probability of each case is characterized by
coefficients. These are absorbance (o), reflectance (p), and transmittance (T). In
order to maintain the conservation of energy, the summation of all these coefficients

must be equal to 1 [5]

T+p+a =1 (1.2).

Absorbed power must be also emitted to maintain the thermal equilibrium of the
object. Kirchhoff’s law of thermal radiation states that under thermal equilibrium,

emitted power by an object is equal to absorbed power [6]. It can be expressed as:

eA,T) = a(A,T) (1.3)

where ¢ is the emissivity, / is the wavelength and T is the temperature of the object
[6]. Emissivity is the measure of how well an object radiates its energy as thermal
radiation. Its value must be between 0 and 1. A high emissivity value indicates that
the object is a good emitter. Mathematically, it is the ratio of the total exitance of an

object to a blackbody source at the same temperature

M
— Object (1-4).
MBlackbody
A blackbody is an idealized object that absorbs all incident electromagnetic radiation
without reflecting and transmitting. Therefore, the coefficient of emissivity is equal
to 1. The emission spectrum of a perfect blackbody is characterized by Planck’s

formula given by
2mhc?

MyAT) = ——— (L5)
A5(etksT — 1)

where M; is the spectral exitance and kp, is the Boltzmann constant [5].



As seen from Figure 1.1 Planck’s formula indicates two important outcomes. The

total radiant power increases and peak wavelength of spectral exitance decreases

with increasing blackbody temperature.

240K

300K
350K
500K
1000K | 3
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Figure 1.1 Spectral exitance values for different blackbody temperatures

The amount of total radiant power per unit area emitted by a blackbody can be

calculated by integrating Equation (1.5) over wavelength

M= f ML, TYdA = oT* (1.6)
0

where o is the Stefan-Boltzmann constant [5]. By solving the equation of derivative
of Planck’s law with respect to wavelength and equating to zero, peak spectral

exitance wavelength for a specific temperature can be found

oM,
—2_y 1.7).
7 (1.7)

The solution is the Wien’s Displacement Law [5]



ApearT = 2898 um. K (1.8).

Table 1.1 shows some results for different blackbody temperatures.

Table 1.1 Peak spectral exitance wavelength for different blackbody temperatures

Temperature Peak Spectral Exitance Wavelength

273 K 10.62 um
300 K 9.66 um
310 K 9.35 um
5700 K 0.51 um

As seen in Table 1.1 human body emits radiation around 9 um. In order to apply
thermal imaging of human body, photodetectors must operate around these

wavelengths.

1.1.2 Atmospheric Transmission

Atmospheric components absorb or scatter IR with different ratios depending on the
physical properties of the atmospheric component and the wavelength of the IR. In
order to accomplish thermal imaging for long distances, the atmosphere must
transmit radiation with low attenuation. Scattering can be categorized as Mie
scattering and Rayleigh scattering. Mie scattering can be explained as particles
having a size larger than the wavelength of the light scattering the radiation without
any dependence on the wavelength [7]. On the other hand, Rayleigh scattering is
inversely proportional to the fourth power of wavelength and the size of the particle
is smaller than the wavelength of the light [7]. Various gases in the atmosphere such
as H>O, CO2, and Oy absorb IR at particular wavelengths. Accumulation of the
effects of the absorption and scattering of the atmospheric components form the IR

bands.

There are wavelength regions where transmission of IR is relatively high which are

known as atmospheric windows. Photodetectors are tailored so that they are sensitive



to these wavelength regions. Among atmospheric windows, mid-wave infrared
(MWIR) and long-wave infrared (LWIR) have high transmission rates at
wavelengths radiated by near room temperature objects. These windows are suitable
choices for infrared thermal imaging applications. Figure 1.2 shows the
transmittance of radiation in atmosphere up to 14 um and Table 1.2 shows the

subregions of the infrared radiation.

100 T T T T T T T T T T T T T T

80 |- -

ol _

40 |- .

Transmittance (percent)

20 |- 5

] 1 1 ] | | 1 1 l |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Wavelength (microns)
AMMA AA AL A A AA A
0: 5T cot® o O CG2 Os H:0 CO> <o,
Absorbing Molecule

Figure 1.2 Transmittance of atmosphere in the infrared region over 1 nautical mile
at sea level [8]

Table 1.2 Subregions of the infrared region and corresponding wavelengths

Infrared Region Wavelengths

Near Infrared (NIR) 0.7 um - 1.0 pm
Short-wave Infrared (SWIR) 1um—3 pum
Mid-wave Infrared (MWIR) 3um-5pum
Long-wave Infrared (LWIR) 8 um— 14 um
Very Long-wave Infrared (VLWIR) 14 pm — 30 pm
Far Infrared (FIR) 30 um -100 pm




1.2 Main Infrared Photodetector Types for Thermal Imaging

With the application of various material compositions and technical aspects, IR
detectors can be fabricated in regions from NIR to VLWIR. IR emitted by objects
can change the total current flowing through the semiconductors. This change due to
IR can be sensed, and information can be obtained about the object. The change in
current can occur optically or thermally. Incident photons can cause band transitions
and result in current flow through the semiconductor. Under constant bias voltage,
optical power is measured by sensing the flowing current. These types of detectors
are referred to as photon detectors. They have very short response time and high
responsivity [9, 10]. If the application requires high sensitivity and high frame rates,
a photon detector may be the proper choice. However, performance comes with
drawbacks. Fabrication costs of photon detectors are relatively high, and they may
require cooling systems to reduce the undesired current flow created by thermally
generated carriers. On the other hand, an incident photon can cause heat on the
semiconductor and results in temperature change. By sensing the resistance change
due to temperature change caused by the photon incidence, optical power can be
measured. These types of detectors are referred to as thermal detectors. They have
slower response times, lower responsivity, and can operate near room temperatures
[9, 10]. Thermal detectors may be the cost-effective solution unless high
performance is desired. Generally, the choice between photon detectors and thermal

detectors depends on the requirements of the application.

Photoconductors are basic photosensitive materials that exhibit conductivity
change when a photon is absorbed. Incident radiation promotes electrons from the
valance band to the conduction band and creates free electron and hole pairs in
semiconductor. These pairs are referred to as carriers and can contribute to the
conductivity of the material. In order to collect the carriers generated by radiation, a
bias voltage must be applied. The bias voltage requirement of the photoconductors

is relatively higher due to the absence of the built-in electric field. Furthermore, there



is not any potential barrier for undesired current flow, therefore, photoconductors

exhibit relatively higher dark current characteristics.

Photovoltaic detectors are electronic devices which generate electrical current with
incident radiation that has sufficient energy through the photovoltaic effect. P-n
junction photodetector is a type of photovoltaic detector. It is fabricated by doping
the semiconductors with donors and acceptors to form the p-n junction where a very
high electric field is formed in a very short region. This region is called depletion
region. When a photon strikes the semiconductor materials, an electron is excited
from the valence band to the conduction band by creating an electron-hole pair. The
electric field sweeps these carriers to the contacts and current flow occurs. The
carrier generation due to incident photon must be in the depletion region or must be
in a distance of diffusion length to induce current flow. Other carriers generated in
other regions cannot contribute to the current flow and recombine before reaching
contacts. The existence of the built-in electric field eliminates the requirement of the
external bias voltage, and the potential barrier reduces the undesired majority carrier
flow. InSb, InGaAs, and HgCdTe are the bulk materials which are used to fabricate

photovoltaic photodetectors for IR.
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Figure 1.3 An illustration of a photovoltaic detector

Quantum well infrared photodetectors (QWIPs) are a type of photoconductor that
is bandgap engineered so that bulk semiconductors that is not able to sense the IR
due to a relatively large bandgap can detect the IR. In QWIPs, small bandgap
materials are sandwiched between large bandgap materials to form quantum wells.
Quantized states in quantum wells are tailored so that the energy difference between
states is close to the energy of the photon which is intended to be absorbed. There
are various approaches for calculating the energy levels of the quantum wells and
they can be used to optimize detector structure [11, 12, 13]. QWIPs are typically
fabricated with I11-V materials such as GaAs/AlGaAs and InP/InGaAs. Mature
fabrication techniques of these material systems enable easy and repeatable
production, high uniformity and fewer defects. On the other hand, the main
bottleneck of QWIPs is the inability of absorption of normal incident radiation
resulting in lower quantum efficiency (QE) values. Optical couplers can be utilized
to increase the QE [14]. Besides, some examples (also photodetectors in this thesis
work) can detect portion of normal incident radiation [15, 16]. Moreover,
photocurrent in QWIPs is generated through majority carriers. Therefore, QWIPs

have relatively higher dark current levels and require lower operating temperatures



[17]. Figure 1.4 illustrates a band diagram of QWIP where excitation and tunneling

to the continuum band are shown.

IR Radiation

Figure 1.4 An example of the conduction band diagram of QWIP

Type 1l superlattice detectors (T2SLs) are also quantum-structured devices.
Quantum wells in QWIPs are separated with thick barriers and the electrons in
different well regions do not interact with each other. In T2SL photodetectors, thin
layers with extended electron wavefunctions are fabricated with type Il misalignment
to create artificial bandgap. The interaction of thin layers can be identified by the
overlapping of the wavefunctions which creates the minibands. These minibands can
be tailored by changing the materials or thicknesses of the layers. The energy
difference between minibands specifies the absorption wavelength. InAs/GaSh
layers on a GaSh wafer can be exemplified as a T2SL device structure. One of the
challenges of the T2SL is the complication of the growth process since the material
composition and thickness of the layers must be precisely controlled to form the

desired structure [18].

Microbolometers are a type of thermal detector offering inexpensive solutions for
IR detection without any requirement of cryogenic cooling. They sense the
temperature change caused by thermal radiation. A thin film whose electrical
resistance is sensitive to its temperature is suspended as an absorbing layer and that
resistance change is sensed by the readout circuitry. The thin film is generally made
of vanadium oxide [19]. Microbolometers are not as sensitive as photon detectors

and cannot provide low response time due to the heat capacitance of the physical
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structures. On the other hand, they are cost-effective solutions to photon detectors

for thermal imaging.

1.3 Infrared Photodetector Figures of Merit

In order to evaluate the performance of the photodetectors and focal plane arrays,

figures of merit are introduced in this section.

131 Responsivity

Responsivity is the measure of how well a photodetector generates an electrical
signal in response to incident optical power. Amperes per watt (A/W) or volts per
watt (V/W) are expressed as the unit of the responsivity, depending on whether the
photodetector generates current or voltage as an electrical signal. Responsivity of a
detector which generates photocurrent in response to optical power can be written as
[20]

Output Signal  Iyporo
R(A) = - L
(4) Incidet Power PA (19)

where ¢, is the incident optical power per unit area and A is the active area of the
photodetector. Photodetectors’ responsivity generally varies with the wavelength of
the incident radiation. Therefore, responsivity is expressed as a function of
wavelength. The photocurrent of the detector depends on the gain (g), quantum
efficiency (7), and total incident optical power. Quantum efficiency is the measure
of how effectively a photodetector absorbs a photon and gain is the number of
generated electrons contributing to photocurrent due to an absorbed photon. The total

photocurrent can be represented as [20]

Iyhoto = qM8PHA (1.10)

11



where q is the elementary charge, ¢, is the number of photons incident on the detector

per unit time per unit area. The relationship between ¢, and ¢e is:

Pe

= 1.11).
he/a bp (1.11)
By using equations (1.9), (1.10), and (1.11) spectral responsivity can be also written

as

p
R() = ngZ—C AJW (1.12).

1.3.2 Dark Current

The dark current of a photodetector is the undesired current flow even in the absence
of incident radiation. The amount of the dark current is affected by the photodetector
technology, material composition and quality, and operating temperature. Usually,
the main reason for the dark current is the thermally generated carriers inside the
semiconductor material. Photodetectors can be cooled down to reduce the amount
of dark currents. The optimum operating temperature of the photodetectors and their
performance can be limited by the dark current. The dark current can increase the

noise level of the signal and can be an issue in low-light-level applications.

1.3.3 Noise

The noise level of a photodetector is a critical parameter. In this section, Johnson,

generation-recombination, shot and 1/f noises are briefly discussed.

Johnson (thermal) noise, also known as thermal noise, arises from the random
motion of carriers in a conducting material due to their thermal energy. The total
Johnson noise increases with increasing temperature. It does not show any

frequency-related characteristics (white noise). Johnson noise current given as:
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] 4k, TAf
ln,Johnson = T

(1.13)
where ky is the Boltzmann constant, T is the temperature, R is the dynamic resistance

of the photodetector, and Af is the measurement bandwidth.

Generation-recombination (G-R) noise arises from random generation and
recombination of the charge carries inside the semiconductor material. Generation
and recombination processes can be generated thermally or optically. The total G-R

noise is given by

Ing-r =+ 4q1gAf (1.14)

where 1 is the total current of the photodetector, q is the elementary charge, g is the

device gain and Af is the measurement bandwidth.

The total current of a photodetector is the summation of dark current and

photocurrent. Then noise equation for G-R noise becomes

lnG-Rr = \/4q(lphoto + laari) GAf (1.15).

If the radiation incident on the detector is sufficiently high, the photocurrent becomes
much larger than the dark current and the detector shows background limited

performance (BLIP). Then, the G-R noise equation reduces to

in,G—R = ’4q1photogAf (1-16)-

For photovoltaic detectors, recombination processes are not random, and the gain of
the detector is unity. This type of noise is known as shot noise. Shot noise of a

photovoltaic detector under BLIP condition is given as [21]
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ln,shot = ’ quphotoAf (1.17).

1/f noise (pink noise) is also observed in many electronic systems. It degrades the
performance of the photodetector especially at low frequencies. Asthe name implies,
the characteristic of 1/f noise decreases with increasing frequency. The origin of 1/f
noise is not known but imperfections and trap states inside the photodetector material

can create this noise.

There are various noise sources in photodetectors and their total effect can be

computed as

" _ . 2 . 2 o 2 . 2
ln,total = \/ln,johnson + ln,G—R + ln,l/f + ln,Shot (1'18)-

1.34 Detectivity

Responsivity can represent how well a photodetector is sensitive to IR. However, it
does not represent the actual performance of a photodetector since responsivity does
not consider the total noise in the device. Therefore, a parameter that considers both
responsivity and noise performance should be defined. Detectivity is a term defined
as the reciprocal of the noise equivalent power (NEP). NEP signifies the optical
power level required to produce an electrical signal equal to the noise level of the

photodetector. The detectivity can be computed as

p—_t al (1.19)
NEP in,total .

where D is the detectivity in,wtal 1S the total noise of the photodetector and Rjis the
current responsivity of the photodetector. Moreover, detectivity may not be a proper
metric while comparing two different photodetectors, because the value of
detectivity changes with the area and measurement bandwidth. By normalizing the
detectivity value with them, specific detectivity (D*) is calculated. D* is expressed

as
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R
D*= —

ln,total

JALf (1.20)

1.3.5 Noise Equivalent Temperature Difference

In order to quantify the thermal imaging performance, noise equivalent temperature
difference (NETD) can be specified. It is the measure of the required temperature
difference to produce a signal that has equal power to the total noise power. The

expression of NETD is given as [22]

(1+ 4f/#%),/Af

1.21
\/—f T(A)D* (A)M da ( )

NETD =

where f/# is the f-number of the optics, 4f is the bandwidth of the measurement, A is
the active area of the detector, M(%) is the spectral exitance of the target, D* (1) is the
specific detectivity, T(1) is the transmission coefficient of the air. A smaller NETD
value indicates better thermal sensitivity. Smaller f-number and longer integration
times can be used to obtain low NETD values. Therefore, while stating a NETD

value, f-number and integration time should also be specified.

1.4  Objective of The Thesis Work

This thesis study focuses on the demonstration and characterization of two 640x512
format and 15 pm pitch QWIP FPAs operating in the MWIR band. The characterized
QWIP FPAs in this study are based on strained InP/InggsGao.1sAs and InP/InAs
material systems. Utilization of these material systems enables detection of normal
incident radiation. Therefore, FPAs vyields desirable performances without
diffraction gratings. Both FPAs can perform NETD value of as low as 20 mK
enabling high performance thermal imaging. Although both FPAs have strained

epilayer structure, FPAs yield high uniformity and correctable performance without
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having any stability problem. All of these features can be offered even with very low

pitch values.

Chapter one presented the basics of IR detector technology. Chapter two gives
theoretical information about the characteristics and operation principle of QWIPs
and covers the literature survey including light coupler schemes, available material
systems for the fabrication of QWIPs and QWIP based FPA examples on GaAs and
InP substrates. In chapter three, details of the InP material system are discussed and
FPA characteristics of InP/IngssGao.1sAs and InP/InAs based QWIP FPAs are
presented with NETD performance comparison with the literature. Finally, chapter

four concludes the thesis work and includes future work.
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CHAPTER 2

QUANTUM WELL INFRARED PHOTODETECTORS

QWIP technology allows sensing of infrared radiation with large bandgap
semiconductor materials making the production easier and more repeatable.
Moreover, detection wavelengths can be tailored for different infrared regions. With
these features, QWIP is one of the significant infrared sensing technologies. The first
QWIP was developed in 1987 being sensible in the LWIR band [4], and it is followed
by the first QWIP FPAs in 1991 [23, 24]. This chapter introduces and summarizes

the fundamentals, different material systems, fabrication, and examples of QWIPs.

2.1  Operation and Characteristics of QWIPs

Apart from low bandgap material-based IR detectors which involve interband
transitions, QWIPs involve intersubband transitions. The intersubband transitions
occur in a quantum well region. Large and small bandgap semiconductors are used
to form the barriers and wells. In the well region, the energy levels are quantized,
and electrons can only occupy quantized energy levels. Moreover, by gathering
multiple quantum wells (MQWs), the absorption region can be extended. However,
each well must be independent quantum mechanically from each other to prevent the
electron tunneling between quantum wells. This is ensured by utilizing thick barriers.
A period of QWIPs is illustrated in Figure 2.1 showing an electron transition from
ground state to first excited state due to IR radiation absorption and regions of the

high bandgap and low bandgap materials.
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Figure 2.1 A period of quantum well band diagram

The absorption of IR in QWIPs promotes an electron from the quantized ground state
to the quantized first excited state or continuum band. Consequently, excited
electrons can be swept to collector contact under a potential difference and contribute
to the total current passing through the device. Excited electrons can also be captured
by other wells with capture probability of pc while flowing through the device
without any contribution to the total current. Figure 2.2 shows the operation principle
of a QWIP.

Tunneling through

emitter barrier Photon

Emitter

Electron
capture

Electron
excitation

Collector

Figure 2.2 Operation principle of QWIP (redrawn after [25])
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The peak wavelength of the QWIP can be tailored by adjusting the energy difference
between the quantized ground state and the quantized first excited state. The level of
these energy states depends on the well width and barrier height of the QWIP. The
well width can be adjusted by the dimension of the well material and the barrier
height can be adjusted by the compositions of the well and barrier materials.
Furthermore, by solving the Schrédinger equation, the peak absorption wavelength

can be estimated.

QWIPs can be classified according to the energy level of the first excited state. In
bound-to-bound (B-B) QWIPs, the first excited state is below the top of the potential
barrier distinctly, and the promoted electrons from the quantized ground state must
tunnel through a small portion of the potential barrier. This can be accomplished by
applying high voltage bias which bends the energy band diagram and thinners the
potential barrier. This type of QWIP has the highest peak QE thanks to high
wavefunction coupling between quantized states. On the other hand, in bound-to-
continuum (B-C) QWIPs, electrons directly promote from the quantized ground state
to the continuum band which is above the potential energy of the barrier. In the
continuum band, there are various energy states separated by very low potential
energy. Therefore, B-C QWIPs have a broader responsivity spectrum. B-C QWIP
does not require high bias voltage since promoted electrons must not tunnel through
any potential barrier. However, the thermally promoted electrons result in larger dark
currents than that of B-B QWIP. The last type is bound-to-quasibound (B-QB), in
which the quantized first excited states are barely below the top of the potential
barrier. B-QB QWIP shows characteristics between B-B QWIP and B-C QWIP.
Figure 2.3 illustrates the energy band diagram of all three types of QWIP.
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Figure 2.3 (a) B-B QWIP band diagram (b) B-QB QWIP band diagram (c) B-C
QWIP band diagram

211 Intersubband Transitions

The total transition rate due to the absorption of photons between the quantized

ground state and the excited state can be described by Fermi’s Golden rule [26]

21
W = ?ZﬁlMlei(l — F})6(E; — E; — hw) 2.1)

where Fi and F; are the fermi factors of the initial and final states of the transition,

hw is the energy of the photon, and M is the matrix element given as [26]

vod ( $h

o | Gone) (B, ) 50 famlplicn) @2

where m” is the effective mass of the electron, @ is the incidence angle of the photon,
and n, is the refractive index of the material. Under the assumptions of zero
temperature and weak excitation, equation (2.2) can be evaluated and the QE of
QWIP is defined as [26]

B q*h sin%@
 4eyn,m*c cosO

n Napf8(Er — E; — hw) (2.3)

where nyp is the two-dimensional electron density in the well region, w is the angular

frequency of the incident photon, and f is the oscillator strength defined as [27]
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In equation (2.3), the absorption QE is dependent on the incidence angle of the
photon, and the probability of absorption of a photon is zero for 6 = 0°. Therefore,
QWIPs do not respond to normal incident radiation. This phenomenon is attributed
to the polarization selection rule. On the other hand, the band mixing effect may be
the cause of the breakdown of the polarization selection rule which is not rigorous
for all designs [26]. There are examples of having responses to normal incident
radiation [15, 16].

21.2 Dark Current Characteristics

The total dark current of a photodetector is a crucial parameter for the detection of
low-level radiation. The dark current of the QWIPs should be low enough to have a
reasonable operating temperature and to obtain a high signal-to-noise ratio (SNR) at
the output. Moreover, dark current fills the charge well of the ROIC unintentionally
in imaging applications. The dark current of a QWIP arises from three different
mechanisms. These are direct tunneling (DI1) between ground states at adjacent wells,
thermally assisted tunneling (TAT) where thermally excited electron tunnels through
the potential barrier of QWIP, and thermionic emission (TE) where thermally excited
carriers promote to continuum band and directly contribute to current [28]. Figure

2.4 shows all three-dark current mechanisms.
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Figure 2.4 Dark current components of a QWIP

Among these dark current components, thermionic emission-based dark current is
the dominant dark current source at 70 K and higher temperatures in QWIPs having
a 10 um cutoff wavelength [29]. Since the transport mechanism of TE current is
similar to photocurrent, suppressing this component may not favor the photocurrent
to the dark current ratio in some cases [29]. At temperatures between 45 K and 70
K, the total dark current is dominated by the TAT current in AlGaAs/GaAs QWIP
with 10 um cutoff wavelength [29]. This type of current can be minimized with the
utilization of high-quality barriers. Aluminum-free binary barriers such as InP can
be preferred [30]. For very low-temperature values (<45 K), the major dark current
component of QWIPs is the DI current. The dark current of the QWIPs due to TE
can be given as [31]
q*m* Avy,

Ligrk = W:Alexp[—(Eb —elA, —Er — E;)/kT] (2.5)
where Ly is the well width, A is the area of the photodetector, vq is the electron drift
velocity, 41 is the potential energy drop on one barrier, 4, is the potential energy drop
on one well, Ey is the potential barrier height Er is the fermi energy and E; is the
energy level of the ground state. Assuming complete ionization, the two-dimensional
doping concentration is equal to the electron density of the well, therefore, fermi

energy level can be calculated from the equation given below [26]
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where nyp is the two-dimensional electron density in the well. Since the doping
concentration changes the fermi level linearly and the fermi level changes the total
current exponentially, the total dark current depends on the doping density with

exponential relation.

2.1.3 Photocurrent Characteristics

The relationship between the photocurrent of the QWIPs and optical power can be
represented by responsivity. The current responsivity of a QWIP can be expressed
as [32]

q
R=— 2.7
o Ml (2.7)

where g is the photoconductive gain, # is the total QE. The photoconductive gain

can be given as [33]

(2.8)

7L is the lifetime of the excited electrons, 7t is the total transit time of the electrons

in the device, | is the total device length and L is the average drift distance of the
electrons. The photoconductive gain can be adjusted by controlling the detector bias
which enhances the drift distance of the electrons. Therefore, the responsivity of the
QWIPs can be increased. On the other hand, the responsivity increase is not
continuous since the photoconductive gain of QWIPs saturates at high bias voltages.
Figure 2.5 shows the tendency of saturation of gain and responsivity values for

higher voltages.

23



L] T L] I 1 1 1 l L T 1 I 1 ] 1 I 1 . 1
%03
150 |- it
< —06 ~
< 1 3
-B‘ 100 = .
S i E
i) Responsivity H04
: . - —
® Gain - U
4 ] o
72}
é 50 [~ 4.4 nm GaAs QWs .
47 nm AIO_27GaO_73As barriers —0.2
1x10"" em™ per QW n-type 1
20 QWs T
O 1 1 1 I 1 1 1 l 1 1 1 I 1 L 1 I 1 1 1 O
0 0.2 0.4 0.6 0.8 1

Bias Voltage (V)

Figure 2.5 Responsivity and gain characteristics of a standard AlGaAs/GaAs of a
QWIP for different bias voltages (redrawn after [34])

2.14 Noise and Detectivity

The QWIPs are generally free of 1/f noise and the thermal noise is negligibly small.
Therefore, the dominant noise mechanism of the QWIPs is the G-R noise resulting
from random fluctuations in the number of electrons. The G-R noise of the QWIP

can be given as [32]

In,G—R = \/4qgn(1dark + Iphoto)Af (2.9)

where gnis the noise gain of the device and Af is the measurement bandwidth. Since
both dark current and photocurrent are proportional to the gain, G-R noise is also
proportional to the gain. Therefore, the device gain does not have any influence on

the device signal-to-noise ratio.
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The detectivity of the QWIP is the SNR at the output signal which is normalized
with the area of the detector and measurement bandwidth. Since the major noise in
the QWIPs is the GR noise, the summation of dark current and photocurrent affects

the total noise. Under BLIP condition, the detectivity can be expressed as [32]

. Ao |m
Dppip = 2he a (2.10).

For dark current limited performance, the detectivity can be expressed as [26]

T
Dbarc = 5 : (2.41).
th//‘L nthermall‘

The impact of enhancement of QE under dark current limited performance is more

significant than that under BLIP condition because detectivity is proportional to QE
under dark limited performance. On the other hand, it is proportional to the square
root of QE under BLIP condition.

2.2 Light Couplers

The standard QWIP is not able to detect normal incident radiation. Therefore, light
couplers are used to increase the absorption of the normal incident radiation. While
testing a single pixel, generally, a 45° facet light coupler is used. In this method,
radiation is incident on 45° cut, polished edge of the substrate, so that, incoming
radiation is refracted.
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Figure 2.6 45° facet light coupler (redrawn after [35])

Typically, diffraction gratings or corrugated mesa light coupling schemes are used
for FPAs. The grating structures can be fabricated on top of the pixel so that
incoming radiation is diffracted and light components perpendicular to the growth
direction can be created. The shape of the grating structure should be arranged
according to a wavelength that is desired to be detected. In a corrugated mesa light
coupler, the shape of the pixels is like a corrugated sheet. The pixels are coated with
a reflecting metal layer to redirect the light into quantum wells and to create vertical

light components to growth direction.
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Figure 2.7 lllustration of diffraction grating (left, redrawn after [30]) and
corrugated mesa (right, redrawn after [36])
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2.3  Material Systems for QWIPs

In order to form the quantum wells, band discontinuity in the semiconductor device
must be implemented. This can be accomplished by different types of I11-V material
systems. In QWIPs, I11-V semiconductors are preferred due to design flexibility,

maturity of fabrication processes and low cost.

231 AlGaAs/GaAs

AlGaAs/GaAs is the most mature material system in QWIPs on GaAs substrate.
Owing to the lattice match between AlGaAs and GaAs for different aluminum and
gallium mole fractions, photodetectors having peak response wavelengths from 4.2
um to 26.9 um (ranging from MWIR to far-infrared) can be fabricated [37, 38]. This
material system is generally used in LWIR detection having an Aluminum mole
fraction of around 0.30, also known as “Standard QWIP”. However, it has limited
performance for high frame rate and low background conditions due to low QE.
Furthermore, AlGaAs/GaAs material system is not preferred for MWIR sensing due
to the requirement of an Al mole fraction larger than 0.45 in barrier material which
increases the total device dark current due to energy crossing of the I and X valleys

decreasing the thermal activation energy of the ground state electrons [39].

2.3.2 AlGaAs/InGaAs

AlGaAs barrier and InGaAs quantum well is an alternative material system on GaAs
substrate instead of AlGaAs/GaAs for MWIR sensing with higher sensitivity [39,
40]. Due to lattice match between well and barrier materials, the layer thickness of
InGaAs well should be adjusted carefully. Multi-color and multi-band infrared
detectors can be fabricated with the utilization of AlGaAs/GaAs and
AlGaAs/InGaAs together on GaAs substrate [41].
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2.3.3 AllnAs/InGaAs

Lattice-matched AllnAs/InGaAs can be used as an alternative to strained
AlGaAs/InGaAs on InP substrate in the MWIR band applications. By using different
quantum well widths, photodetectors having 4.15 pum and 4.9 pum cut-off

wavelengths can be fabricated [42].

234 INP/InGaAs

The low quantum efficiency of the GaAs substrate-based material system
overshadowed the QWIP technology and prevented it from reaching its true
potential. The combination of the favorable electron transport mechanism of the InP
barrier material and the low effective mass of the InGaAs well can enlighten QWIP
technology again. The lattice match configuration in this material system yields
photodetectors having around 8 um peak wavelength [43]. However, the utilization
of strain can extend the peak wavelength, and high performance FPAs operating in
LWIR can be fabricated [44, 45]. By using InGaAsP in the well material instead of
InGaAs, the peak wavelength can be also extended without causing any lattice
mismatch [46]. InP/InGaAs QWIPs operating in the MWIR band can also be
fabricated with the usage of high In mole fraction in well material. These types of
photodetectors can sense the portion of normal incident radiation allowing the

production of QWIP FPAs which do not require any light coupler [47].

2.4 Fabrication of QWIP based FPAs

In order to form the physical structure of photodetectors, thin layers are deposited on
the substrate with atomic precision. This method is also called epitaxial growth.
Typically, two advanced growth technologies which are Molecular Beam Epitaxy
(MBE) and Metal Organic Vapor Deposition (MOCVD) are used. In this thesis
study, thin layers were deposited with MBE on the InP substrate.
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Fabrication of the detectors continues with several microfabrication steps. In each
step, patterning is realized by the UV photolithography technique. First, the whole
wafer is coated with photo-definable material called photoresist. Then, the regions
to be processed are exposed to UV light to change the chemical behavior of the
photoresist so that UV exposed photoresist can be removed by developers. Non-
exposed regions remain photoresist coated, therefore, are not affected by the
fabrication step. The first step is the forming of the alignment marks to implement
fabrication steps in accordance. After that, the desired diffraction grating structure is
patterned and formed with a wet/dry etching process to increase the total absorption.
Then, the wet/dry mesa etching process is applied to create pixels without disturbing
the ground (bottom) contact connection. Top ohmic contacts must be formed to have
an electrically proper connection with pixels. This is done by evaporating contact
metal and diffusion of it with annealing at high temperatures. In order to increase the
absorption further, another metal layer can be deposited to reflect unabsorbed
radiation. The surface states at the edges of the pixel structure may cause undesired
current flow. This can be prevented by coating the wafer with passivation material
without coating the top contact regions. Indium bumps must be formed on the top of
the pixel to bond the pixel array to ROIC. However, under bump metallization must
be evaporated before this process to protect the device from the diffusion of indium
atoms. After the formation of sticky bumps, the wafer is diced into a single FPA and
the FPA is flip-chip bonded to ROIC. The space between ROIC and FPA are
underfilled with epoxy to strengthen the mechanical properties. Finally, the substrate
of the FPA is thinned and anti-reflection material is coated to reduce the reflection
of radiation from surface. The summary of the fabrication process is illustrated in
Figure 2.8. The fabrication steps of the FPAs in this thesis work do not involve

grating etch.
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Figure 2.8 Summary of the fabrication processes of an FPA (redrawn after [30])
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2.5  Examples of QWIP FPAs from the Literature

Thanks to mature fabrication processes of the QWIP technology, FPAs having high
pixel operability and uniformity can be fabricated in large formats. For years,
researchers have worked on GaAs-based QWIPs. However, incorrect selection of
material system caused the disfavor of QWIP technology. Recent developments on
InP-based QWIP FPAs can be a mind changer and enable this technology to be used
more widely in thermal vision applications. In this part, GaAs-based, InP-based, and
multi-band QWIP FPAs are discussed.

A large format QWIP FPA having 1024x1024 pixel size was demonstrated by
Gunapala et. al. [48] in LWIR and MWIR. MWIR FPA had a two-dimensional
grating structure on the top of pixels. The absorber region consisted of two coupled
quantum wells to broaden the spectrum of responsivity which had a 5.1 um cut-off
[48]. The length of the well region was 40 A where 20 A Ing3Gag7As was
sandwiched between 10 A GaAs layers [48]. The coupled wells were separated with
undoped Alo3Gao7As having a length of 40 A. The length of the barrier region
between uncoupled quantum wells was 400 A [48]. On the FPA side, the actual area
of a pixel was 17.5x17.5 um? and the pitch of the array was 19.5 um. At operating
conditions of 1 V reverse bias, 95 K temperature with /2.5 optics and 60 ms
integration time, the FPA yielded 17 mK mean NETD [48]. The NETD non-
uniformity of uncorrected data was 5.5% [48]. On the LWIR side of the study,
photodetectors also had a grating structure, and the actual pixel and FPA pitch were
the same as MWIR FPA [48]. The Absorber region consisted of 40 A Alo27Gao73As
quantum well width and 600 A barrier resulting in a 9 um cut-off wavelength [48].
With the same optics, LWIR FPA vyielded 13 mK NETD at 70 K operating

temperature with 29 ms integration time [48].

QWIP FPAs are also being used in space applications thanks to properties like
effortless and reproducible fabrication even in large formats, low-cost, absence of
1/f noise, and radiation hardness. Jhabvala et. al. [49] demonstrated a dual-channel

imaging system where wavelength spectrum of FPAs were centered at 10.8 pm and
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12.0 pm. The array had a 640x512 format with a 25 pm pitch and was operated at
43 K [49]. The f-number of the system was f/1.64 [49]. Under these conditions, the
system exhibited NETD less than 33 mK at 5.5 ms integration time for both channels
[49].

GaAs QWIP technology based LWIR cameras are also available commercially.
Thales manufactures two kinds of cameras based on QWIP. Catherine XP offers a
384x288 image format with a 25 um pitch and Catherine MP offers a 640x512 image
format with a 20 um pitch. Systems offer NETD value of 55 mK for integration times
in the range of 3 to 5 ms. The Catherine XP camera with 4° and 3° field of view
(FOV) is shown in Figure 2.9 [50].

Figure 2.9 Catherine XP in 4° FOV version on left and 3° FOV version on right
[50]
In addition to standard AlGaAs/GaAs QWIPs, InP/InGaAs QWIPs show promising
performance. The standard QWIP is considered as an improper choice for high-speed
applications due to large integration times, however, the higher responsivity of InP-
based QWIPs allows the operation at high frame rates. Higher responsivity due to

the larger gain of this material system was reported by several groups [51, 52].

The first lattice-matched InP 256x256 FPA for LWIR was reported by Jiang et. al.
[53]. They achieved 29 mK NETD with /2 optics at an operating temperature of 70
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K [53]. The pixel size and pitch were 25x25 pm? and 30 um, respectively [53]. Ozer
et. al. [54] demonstrated the first 640x512 large format InP/InGaAs QWIP FPA
which yielded 40 mK NETD at 77 K with /1.5 optics where pixel size was 21 um.
The lattice-matched mole configuration in this material system has a cut-off
wavelength of around 8.5 pm which barely falls into the IR atmospheric transmission
and degrades the efficiency of the imaging for long-range applications. Without
perturbating the lattice match, by adding phosphorus (P) into the well region, the cut-
off wavelength can be extended up to 9 pm. The first 640x512 format QWIP FPA
with InP/InGaAsP material system was reported by Ozer et. al. [55]. The uncorrected
DC signal nonuniformity of the array was 4.5% resulting in low spatial noise [55].
The InP/InGaAsP FPA exhibted high enough SNR performance even with
submillisecond integration times, for 440 ps integration time, the reported NETD

was 46 mK at 66 K operating temperature with f/1.5 optics [55].

The sensitivity wavelength of InP/InGaAs QWIPs could also be changed with the
utilization of strained quantum well material. The strain could be introduced by
changing In mole to control conduction band discontinuity and extend the cut-off
wavelength [44]. InP/InGaAs QWIP FPA demonstrated by Eker et. al. [56] had a
cut-off wavelength of 9.7 um where In mole fraction was reduced to 0.48 from
lattice-matched configuration and well width was 55 A. With /1.5 optics and at 65
K operating temperature, the FPA yielded NETD values of 19 mK and 40 mK at
integration times of 1.8 ms and 430 us respectively [56]. Another research on
strained InP/InGaAs QWIP was conducted by Arslan et. al. [45]. The well width was
60 A and In mole fraction was also 0.48 in this study [45]. The FPA exhibited
extraordinary performance, achieving a peak quantum efficiency of 31%, enabling
operation in the LWIR band with a 9 um cut-off wavelength [45]. The NETD was
below 50 mK with /2 optics for 78 K operating temperature [45]. For 67 K operating
temperature, the NETD was 30 mK with 1 ms integration time with the same optics
[45].

InP/InGaAs material system could also offer QWIPs operating in the MWIR band.

By using a high In mole fraction, the sensitivity wavelength could be shifted down
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to MWIR [46]. A 640x512 FPA with 15 um pitch where the epilayer structure of the
device consisted of 35 A thick Ing gsGao.1sAs well and 550 A InP barrier was reported
by Besikci et. al. [57]. This configuration was also able to detect normal incident
radiation, unlike standard QWIP [57]. Thanks to that, QE could reach a value of 22%
even without any light coupler [57]. A very high, 70%, peak conversion efficiency
(CE) (product of quantum efficiency and gain) was also obtained [57]. The FPA
yielded below 20 mK NETD with /2 optics at an operating temperature of 78 K [57].

Multi-color and multi-band IR photodetectors are of quite an interest because they
offer significant advantages such as improved target discrimination and increased
temperature measurement accuracy. QWIP technology shines out with mature
fabrication processes and configurable detection wavelength making it suitable for
multi-color/band detectors. Typically, three different approaches can be followed to
fabricate multi-color/band FPAs. In the three-contact approach, indium bumps are
formed on the top of each pixel for top, mid, and bottom contacts. Another approach
is the fabrication of spatially separated pixels in the FPA. However, degradation in
the resolution is the main drawback. The last approach is voltage tuning in which the

detection band is determined by the voltage bias across the device.

The first dual-band 1024x1024 QWIP megapixel FPA was demonstrated by
Gunapala et. al. [58] on a GaAs substrate. The full-width at half maxima (FWHM)
of the bands were extended from 4.4 t0 5.1 pm and 7.8 to 8.8 um for MWIR and
LWIR bands, respectively [58]. At operating temperature of 68 K, the system yielded
27 mK NETD for MWIR and 40 mK NETD for LWIR [58]. For both bands, the
operability of pixels was 90%, which is quite low for QWIP technology. The poor
operability was attributed to via-metal bridge breakage in the three-contact approach
[58].

Spatially distributed four-band 640x512 QWIP FPA was demonstrated by Bandara
et. al. [59]. Four different 640x128 arrays were capable of detecting 4-5.5 um, 8.5-
10.0 um, 10.0-12.0 um and 13.0-15.5 um wavelength regions. The operability of the
array was 99.9% indicating the effectiveness of the QWIP technology. Each array
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exhibited specific detectives higher than 1x10' cmHZzY2/W at 45 K with f/2 optics
for 300 K background temperature.

Figure 2.10 An image of soldering iron taken from spatially separated four band
QWIP FPA [59]

The voltage tunable approach enables large-format FPAs and compatibility with
standard single-band ROICs. Arslan et. al. [60] reported a voltage-tunable dual-band
QWIP FPA operating in the MWIR and LWIR bands. The MWIR and LWIR
quantum well stacks were formed with AlGaAs/InGaAs and AlGaAs/GaAs material
systems, respectively. MWIR stack exhibited 14 mK NETD with an integration time
of 20 ms and the LWIR stack exhibited 31 mK NETD with 3.5 ms integration time.
The operability of the FPA was 99.5% for both bands showing the promise of this

approach.

In this chapter, background information about QWIP technology was given and FPA
examples from the literature both for InP and GaAs QWIP technology was discussed.

The next chapter will present the thesis work.
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CHAPTER 3

CHARACTERIZATION OF InP BASED MWIR QWIP FPAs

GaAs based QWIP technology is the most studied QWIP technology thanks to
maturity level of fabrication processes, low-cost of the substrate and lattice-match
between the AlxGai.xAs and GaAs for various Al and Ga mole fractions. However,
high Al mole fraction, which degrades the performance of the detectors due to
inclusion of higher defect density and reduced thermal activation energy of the
ground state electrons due to energy crossing of the I" and X valleys which makes
the AlGaAs indirect bandgap, prevents detection of IR with high SNR in the MWIR
band [39]. In order to provide higher sensibility in the MWIR band and overcome
high Al mole fraction issue, InGaAs QW can be used instead of GaAs QW with
AlGaAs barrier [39]. In addition to AlGaAs/InGaAs material system, InP technology
also provides similar level of maturity as GaAs while offering higher responsivity
[61]. In this chapter, advantages of InP QWIP technology and FPA level
characterization of two different MWIR FPAs which are based on InP/Ing gsGag.1sAs

and InP/InAs material systems are demonstrated.

3.1 InP Based QWIP Advantages Over GaAs Based QWIP

With high enough integration times, GaAs QWIP technology demonstrates
admirable imaging performance. However, if the application requires high frame rate
or operability under lower photon flux conditions, GaAs QWIP technology cannot
meet the requirements. The main bottleneck of the GaAs QWIP technology is the
low responsivity. Moreover, the need of high responsivity becomes prominent in the
MWIR band due to lower photon flux in this band from near room temperature

targets. InP/InGaAs QWIPs with high In mole fraction can operate in the MWIR
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band and are more responsive than GaAs based MWIR QWIPs thanks to higher

photoconductive gain and quantum efficiency [62].

As stated in equation (2.3), the absorption quantum efficiency of a QWIP is
proportional to two-dimensional electron density and inversely proportional to
effective mass of the well region. In order to make a comparison of InP and GaAs
technology in terms of absorption, effective masses of well regions of InP/InAs,
INP/Ing.ssGap.1sAs and AlGaAs/Ing2GaosAs which is the material system in work
reported by Tidrow et. al. [63] are compared. As seen from Table 3.1, materials
having higher In mole fraction have lower effective mass. Therefore, larger

absorption is expected for higher In mole fractions.

Table 3.1 Effective masses of InAs, GaAs and InGaAs ternary alloy

Well Material Effective Mass (m”)
InAs [64] 0.026
GaAs [64] 0.067
INo.2GaosAs [65] 0.054

INg.53Gao.47AS [64] 0.043

INo.ssGao.15AS [65] 0.031

Gain characteristics of a QWIP are mainly determined by the transport properties of
the barrier material. The larger gain in QWIPs consisting of InP barrier instead of
AlGaAs barrier can be attributed to the larger energy spacing between I'-L valleys
in the conduction band of InP [61]. The high energy spacing provides reduced
capture probability of the photoexcited electron in the well region. With the reduced
capture probability of electrons, electron lifetime becomes higher resulting in higher

gain values [61].
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In QWIPs, drift distance of the electrons increases with the increasing applied
electric field. However, after a point, increase in drift distance saturates and the gain
cannot be increased further. A study reported by Arslan et. al. [45] indicates that
AlGaAs/GaAs QWIP saturates at electric field value of 12 k\/cm. On the other hand,
saturation occurs at larger electric field in InP/InGaAs QWIPs, therefore, they offer
higher gain values. Although this study compares the LWIR AlGaAs/GaAs and
InP/InGaAs QWIPs, the same observation is also expected for MWIR
AlGaAs/InGaAs and InP/InGaAs or InP/InAs QWIPs because of the utilization of
the same barrier material. Figure 3.1 shows the measured drift distance of the
InP/InGaAs and AlGaAs/GaAs QWIPs for different electric field values [45].
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Figure 3.1 Measured drift distance of the InP/InGaAs and AlGaAs/GaAs LWIR
QWIPs for different electric field values (redrawn after [45])

The photoconductive gain of a QWIP does not have any influence on SNR
performance of the detector unless detector operates in charge limited conditions.

When an FPA is coupled with the ROIC, the total amount of integrated charge is
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limited by the electron capacity of the ROIC. Since the gain of the FPA influence
the amount of integrated charge per unit time, the effect of gain on the system
performance is inevitable. Under BLIP condition, the NETD of an ROIC coupled
FPA can be expressed as [66]

(3.1)

where Q. is the amount of collected charge. Equation (3.1) states that for the same
amount of collected charge (Qc), the NETD of the system is proportional to the
square to of the gain. In fact, low gain allows higher integration times (increases
dynamic range) and the charges integrated with lower gain exhibits higher SNR. On
the other hand, when the system performance is limited by the noise charge of the
ROIC, the NETD of an ROIC coupled FPA is proportional to the gain of the FPA.
Because the noise of the system is fixed and the signal (amount of integrated charge)

linearly depends on the gain of the FPA.

There are some researches stating that QWIPs having well material of InxGaixAs
with high indium mole fraction can detect portion of normal incident radiation [15,
67], therefore, they can perform higher QE even without any light coupler scheme.
On the other hand, GaAs based QW!IPs require light coupler in order to reach high
enough QE to be used in thermal imaging applications. The elimination of light

coupler also eases the fabrication of QWIPs.

GaAs QWIP technology may not meet the requirement of small pitch arrays due to
need of diffraction grating. Thanks to ability of normal incident radiation sensation,
high-x InP/In,Gai.xAs can operate with very small pitches without sacrificing
absorption. Besikci and Balci [16] reported the characteristics of very small pitch
pixels based on InP/InggsGao1sAs QWIP. The grating-free pixels performed

characteristics excellently-scaled with the pixel area (as small as 7x7 pm?).
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3.2 Design of InP based QWIPs

The design of a QWIP depends on several factors to obtain desired detector
performance in terms of sensitivity and operating conditions. The parameters that
affect the total performance of a QWIP can be exemplified as barrier and well

material, barrier and well width, period number and well doping level.

First of all, peak wavelength of the detection spectrum should be determined so that
parameters affecting the energy levels in the well region can be assigned. The
conduction band discontinuity and well width are the design parameters determining
the peak wavelength. The energy discontinuity in the conduction band depends on
barrier and well materials. In the case of InP/InGaAs material system, the conduction
band discontinuity is determined by the In and Ga mole fractions of the InGaAs well
material. Higher conduction band discontinuity results in a shorter peak wavelength.
The effect of well width on the peak wavelength is not distinct as conduction band
discontinuity. The increase in well width can either shorten or extend the peak
wavelength. Gusakov et. al. [44] theoretically calculated the effect of well width in
InP/InGaAs material system. One should also consider the well width if there is a
lattice match between well and barrier material. In the case of high lattice mismatch,

the growth of the epilayer may not be achievable with high enough quality.

Although barrier width does not considerably affect the peak detection wavelength,
it should be wide enough to suppress the ground state tunneling between successive
wells. On the other hand, excessive barrier width increases the device length
unnecessarily and detector requires higher bias voltage to achieve high enough gain.
Typically, barrier widths are chosen between 300 A and 500 A [26].

Quantum well doping level is another important parameter affecting the device
performance. As stated before, absorption of incident radiation proportional to
doping level in the well region. On the other hand, dark current of the device
increases exponentially with increasing doping level. Therefore, to obtain the highest

SNR, doping level should be optimized. Dark current level also determines the
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operating temperature of the detector because high amount of dark current requires
more cooling. Therefore, sacrificing photon absorption, detector operating

temperature can be increased.

The period number also affects the performance of the QWIPs. It determines the gain
and absorption quantum efficiency of the detector. High period number results in
higher quantum efficiency due to longer absorption length, however, the ratio of
electron drift distance to total device decreases which causes reduce in gain.
Moreover, the number of periods in absorption region should be kept at a reasonable
level so that the voltage bias across detector can establish high enough electric field

in device.

3.3 Epilayer Structure and Fabrication of the InP/InGaAs and InP/InAs
MWIR QWIPs

The epilayer of the QWIPs was grown with an MBE system on semi-insulating 3-
inch InP substrate. The epilayer of the detectors were designed and growth of the
epilayer structures were performed by Prof. Dr. C. Besikci, InP/InGaAs FPA was
fabricated by S. V. Balci and InP/InAs FPA was fabricated by O. O. Giingor and S.
V. Balci in Quantum Devices and Nanophotonic Research Laboratory in METU
respectively. The epilayer structures contain absorber region, top contact and bottom

contact.

For the InP/InGaAs QWIP, top and bottom contacts were formed with Ing s3Gag.a7As
layers and absorber region consisted of 30 periods of QW and barrier. One period
consists of 550 A undoped InP barrier and 35 A doped strained InossGao1sAs
quantum well. Quantum wells were n-type (Si) doped with sheet density of 5-101!

cm?2.
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Figure 3.2 MQW structure of the InP/InGaAs MWIR QWIP

For the InP/InAs QWIP, top and bottom contacts were formed with Ings3Gag.a7AS
layers and absorber region consisted 30 periods of QW and barrier. One period
consisted 0f 550 A undoped InP barrier and 25 A doped strained InAs quantum well.

Quantum wells were n-type (Si) doped with sheet density of 5-10* cm™,

550 A InP Undoped Barrier
1 Period

25 A InAs Doped QW

30 Periods —

550 A InP Undoped Barrier

Figure 3.3 MQW structure of the InP/InAs MWIR QWIP

The fabrication steps do not include formation of diffraction grating and steps are

summarized as follows:

e Formation of alignment marks with wet etching
e Formation of mesa structure down to bottom contact with wet etching
e Formation of top ohmic contact

e Passivation
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e Under bump metallization
e Formation of Indium bumps
e Hybridization with a ROIC

e Substrate thinning

In this thesis work, two 640x512 pixel arrays based on the InP/InGaAs and InP/InAs

material systems were hybridized with ROIC.

3.4 Pixel Characteristics of the InP/InGaAs MWIR QWIP

The pixel level characterization of the InP/InGaAs QWIP were performed by Prof.
Dr. C. Besikci and S. V. Balci. Responsivity spectrum of the InP/InGaAs MWIR
QWIP for -3.5 V bias voltage at 78 K is given in Figure 3.4. The normalized
responsivity spectra of the detector were similar for different reverse bias voltages.
The test pixels were not coated with anti-reflection coating. In calculations,

reflection from the surface was corrected.

At -3.5 V bias, the responsivity of detector was approximately 3 A/W which is not
reachable by standard GaAs based material system in the MWIR band due to low
conversion efficiency. The conversion efficiency (CE) of the detector was calculated
with equation (3.2) and corresponding peak CE for -3.5 V bias voltage was

approximately 70%

q q
R=—CE = — 2).
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Figure 3.4 Responsivity spectrum of the InP/InGaAs MWIR QWIP at -3.5 V bias
voltage at 78 K [16]

Calculated noise gain from noise measurements and photoconductive gain values are
shown in Figure 3.5. The unsaturated gain in a wide bias range offers flexibility while
adjusting the sensitivity of the detector according to the background flux. The noise
gain of the detector starts to depart from photoconductive gain at high bias voltages.

The cause of the departure of the gains can be attributed to impact ionization [68].
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Figure 3.5 Gain of the InP/InGaAs MWIR QWIP [16]

The close relationship between noise gain and photoconductive gain in a wide range
is an important factor for a QWIP FPA because the detectivity of a detector depends
on the responsivity and noise characteristics. Any deviation of noise gain from the
photoconductive gain causes degrade in the detectivity and so imaging performance.
InP/InGaAs MWIR QWIP exhibits constant detectivity in a wide bias range enabling
comparable imaging performance under different illumination conditions. The
detectivity of the detectors starts to decrease beyond -3 V bias voltage, where
photoconductive gain and noise gain deviates considerably. The more detailed pixel

characteristics of the InP/Ing.ssGao.1sAs QWIP were reported in ref. [16].

3.5 Pixel Characteristics of the InP/InAs MWIR QWIP

The pixel level characterization of the InP/InAs QWIP were performed by Prof. Dr.
C. Besikei and O. O. Giingor. Normalized responsivity spectrum of the InP/InAs
MWIR QWIP for -2.0 V bias voltage at 80 K is given in Figure 3.6. The normalized

responsivity spectra of the detector were similar for different reverse bias voltages.
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The test pixels were not coated with anti-reflection coating and reflection from the
surface was corrected. The peak responsivity for -3.5 V bias voltage was
approximately 2.45 A/W and corresponding CE was 55% which is less than that of
INP/InGaAs MWIR QWIP, on the other hand, InP/InAs QWIP has wider

responsivity spectrum.
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Figure 3.6 Normalized responsivity spectrum of the InP/InAs MWIR QWIP at -2.0
V bias voltage at 80 K

3.6 FPA Characterization

3.6.1 Noise Equivalent Temperature Difference

The NETD is the minimum temperature difference that can be resolved by imaging

system. The calculation of NETD is as follows:

e Digital counts of sequential frames of data are recorded at blackbody
temperatures of 295 K, 300 K.

47



e Recordings of 295 K blackbody are averaged pixel-wisely to create 295 K
dataset.

e Recordings of 300 K blackbody are averaged pixel-wisely to create 300 K
dataset.

e The response array is calculated by subtracting 295 K dataset from the 300
K dataset.

e Temporal standard deviation of recordings of 300 K blackbody temperature
are calculated pixel-wisely to create the noise array.

e Then NETD is calculated by using equation (3.3) for each pixel where AT is
equal to 5 K

arra i
NETD = ———noise_xq (3.3).

arrayresponse
During calculations, pixels exhibiting NETD higher than two times of the mean
NETD (2 x meanygrp) wWere considered as inoperable pixels and those pixels were
not considered in calculations. In each calculation, NETD nonuniformity was also
quantified. It should be also noted that calculated nonuniformities includes the
shading of the optical system. Therefore, lower nonuniformity values are expected

for ideal conditions.

3.6.2 Correctability

IR FPAs are calibrated to reduce the spatial variance generated by pixels which have
varying responsivities and dark current values. Usually, two-point nonuniformity
(NUC) correction is applied with a linear relationship between calibration points
[69]. The calibration points of the FPA was 295 K and 305 K for the calculation of
correctability. A blackbody was used to form 295 K and 305 K references. Then,
sequential frames were recorded to calculate the gain (G;) and offset (0;)
coefficients of each pixel for NUC. The equations for the calculation of gain and

offset values are defined as [70]

48



Si,295K - Si,305K
Gi =

= 34
(S295K) — (S305K) (3.4)

0; = Siz95x — G; * (S295K) (3.5)

where S; 595k, Si 305k are the sequentially averaged signal of the i™" pixel over 128

frames at temperatures of 295 K and 305 K respectively, and (S,q9:x), (S305x) are the
sample mean of sequentially averaged frames at temperatures of 295 K and 305 K
respectively. After calculation of gain and offset values for each pixel, corrected
pixel signal of the it" pixel (S; (¢)) from uncorrected signal (S;(¢)), for optical power

of ¢, can be calculated as [70]

Si(p) = % (3.6)
i
After two-point NUC calibration, the correctability figure of merit can be calculated
at specific blackbody temperature. The correctability is mathematically defined as

[71]

o2 .
c= 2spatlal -1 (3.7)
Utemporal
where atzempom, is the average of the temporal variance of the pixels in frame, and

a_fpatial Is the spatial variance which is defined as [71]

o2 =1(Si () — S(9))? (3.8)

spatial n—1

where S(¢) is the spatial sample mean of the uncorrected frame, and n is the total

number of the pixels.

The correctability value of 0 indicates that NUC removed the spatial variance which
is created by varying characteristics of pixels. When the correctability value is 1,

then, spatial variance is equal to temporal variance. For the correctability values of
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higher than 1, the correction is considered as poor and fixed pattern is seen on the
image degrading the imaging performance [71]. Correctability values were evaluated
at 300 K blackbody temperature and NUC was applied at 295 K, 305 K blackbody
temperatures. Pixels exhibiting 30% lower or larger response (from 295 K to 305 K)

than mean response were not considered in the correctability calculations.

3.6.3 Random Telegraph Noise Evaluation

Although operating conditions and signal power remain unchanged, pixels
exhibiting random telegraph signal (RTS) noise oscillates between at least two DC
signal levels in addition to standard white noise characteristics. The correction of
this kind of noise is also not possible by standard 2-point nonuniformity correction,
due to uncertainty in oscillating times [70]. On the image side, as a result of RTS
noise, pixels shows blinking characteristics reducing the image quality. In order to
evaluate whether FPAs suffer from RTS noise, sequential frames were taken and
pixels’ digital counts were examined in time domain when the scene is uniform.
Examination was simplified by only evaluating pixels which have high temporal

standard deviation.

3.7  Characteristics of the InP/InGaAs MWIR QWIP FPA

3.7.1 NETD of the InP/InGaAs QWIP FPA

The NETD results of InP/InGaAs QWIP FPA are presented in Figure 3.7. The NETD
of characterized FPA in this study was calculated at different integration times with
16-bit imager. The half-fill of the charge handling capacity of the ROIC was
maintained by changing the reverse bias voltage in the measurements. Although anti-
reflection (AR) coating was not applied, FPA exhibited approximately 24 mK mean
NETD with /2 optics at 13 ms integration time. Assuming that 30% percent of

radiation is reflected from the surface of the FPA, up to 20% decrease in NETD is
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expected when AR coating is applied. The dashed curve on Figure 3.7 is the scaled
1/~/7 fit line to emphasize that detectivity of the pixels are independent of applied
reverse bias voltage because the measured NETDs follow the same trend [57].
Moreover, although the amount of integrated charge by ROIC is the same for all
measurements, the NETD is smaller at higher integration times. This feature can only
be offered by a sensor which offers adjustable gain. When the gain is smaller,

photoelectrons are injected with less noise for unit amount of injected charge.
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Figure 3.7 Measured and calculated NETD values of the InP/InGaAs QWIP FPA
[57]
The NETD values were also calculated according to equation (3.9) where Cipermar
is thermal contrast, Nppoto and Nioeq are the number of injected photoelectrons and

total electrons respectively, g is the detector gain and ng,.q4 is the electron noise of
the ROIC [72]. The measured and calculated NETD values are in close relationship

where measured NETD values are approximately 10% higher.
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From Figure 3.8 to Figure 3.14, NETD histograms of the operable pixels are
presented at various integration times and operating temperature of 78 K with hall-
filled ROIC capacitors and f/2 optics. Figure 3.15 shows image recorded by
InP/InGaAs FPA at 78 K and 20 ms integration time
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Figure 3.8 NETD histogram of the operable pixels of the InP/Ing.gsGao.1sAs QWIP
FPA at 4 ms integration time and at 78 K
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FPA at 6 ms integration time and at 78 K
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FPA at 8.5 ms integration time and at 78 K
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Figure 3.11 NETD histogram of the operable pixels of the InP/Ing gsGao.1sAs QWIP
FPA at 13 ms integration time and at 78 K
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Figure 3.12 NETD histogram of the operable pixels of the InP/Ing gsGag.1sAs QWIP
FPA at 15 ms integration time and at 78 K
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Figure 3.13 NETD histogram of the operable pixels of the InP/Ino gsGao.1sAs QWIP
FPA at 20 ms integration time and at 78 K
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Figure 3.14 NETD histogram of the operable pixels of the InP/Ing.gsGag.1sAs QWIP
FPA at 30 ms integration time and at 78 K
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Figure 3.15 A snapshot recorded by InP/InGaAs FPA at 78 K and 20 ms
integration time [57]

3.7.2 Correctability of the InP/InGaAs QWIP FPA

Signal levels of 300 K frame for each pixel for 6 ms integration time before and after
calibration are shown in Figure 3.16. The DC signal nonuniformity before calibration
and after two-point NUC of the InP/InGaAs FPA is 4.76% which is less than DC
signal nonuniformity of lattice-matched AlInAs/InGaAs QWIP which exhibited
6.4% nonuniformity [73]. A very high uniformity is obtained after calibration of the

FPA which shows the linear approximation is valid for the correction.
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Figure 3.16 Signal level of 300 K frame at 6 ms integration time and 78 K

The correctability results are shown in Table 3.2 for calibration at 295 K, 305 K and
evaluation at 300 K. For all integration times, the correctability is smaller than 1

which means that spatial noise is smaller than the temporal noise of the FPA and the

calibration is valid.
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Table 3.2 Correctability of the InP/InGaAs MWIR QWIP FPA

Integration time (ms) | Correctability (c)
4.0 0.1823
6.0 0.2066
8.5 0.2843
13.0 0.2821
15.0 0.2825
20.0 0.3697
30.0 0.4033

3.7.3 RTS Noise Evaluation of the InP/InGaAs QWIP FPA

In order to find the pixels exhibiting RTS noise in the InP/InGaAs QWIP FPA, with
14-bit imager, 2000 frames were taken at 5.76 Hz with integration time of 6 ms and
the blackbody was set to 25 °C. Pixels exhibiting high standard deviation in time
were considered as candidate pixels which might exhibit RTS noise. Those pixels
were noted down and time domain signal values of each of them were inspected
visually. Among 327680 pixels, only 14 pixels exhibited RTS noise in InP/InGaAs
QWIP FPA. Two examples of signals in time domain and associated histograms are

shown in Figure 3.17, Figure 3.18, Figure 3.19, and Figure 3.20.
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Figure 3.18 A pixel exhibiting 2 level RTS noise
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Figure 3.20 Histogram of a pixel exhibiting 2 level RTS noise in 2000 frames

It is not clear yet whether the RTS noise is created by the FPA or ROIC pixels,
however, this study shows that RTS noise is not a considerable issue in the strained
high-x InP/InxGaixAs QWIP technology.
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3.8  Characteristics of the InP/InAs MWIR QWIP FPA

3.8.1 NETD of the InP/InAs QWIP FPA

The NETD results are presented in Figure 3.21. The NETD of characterized FPA in
this study was calculated at different integration times with 14-bit imager. Although
anti-reflection coating was not applied, FPA exhibited approximately 27.8 mK mean
NETD with f/1.67 optics at 10 ms integration time. Assuming that 30% percent of
radiation was reflected from the surface of the FPA, up to 20% improvement in
NETD is also expected for this FPA when AR coating is applied.
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Figure 3.21 Measured and calculated NETD values of the InP/InAs QWIP FPA

From Figure 3.22 to Figure 3.28, NETD histograms of the operable pixels are
presented at various integration time and operating temperature of 82 K with /1.67

optics.
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3 ms integration time and at 82 K

10
4 _l LI l S ] I rrri I rrra I LI I LI l rrra l LI B I rrra l LI l_
C ‘ f/1.67 optics ]
35F | Integration time: 4 ms [
C Mean NETD: 50.3 mK |1
C Nonuniformity: 9.7% ]
3 | Operability: 97.9% B
- 25 :—' —:
S - ]
o - N
O Lk -
o C 7
X B ]
A 1.5H m
1 ]
05F ]
oF ]

0 10 20 30 40 50 60 70 80 90 100
NETD (mK)
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ms integration time and at 82 K
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ms integration time and at 82 K
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Figure 3.26 NETD histogram of operable pixels of the InP/InAs QWIP FPA at 8
ms integration time and at 82 K
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Figure 3.28 NETD histogram of operable pixels of the InP/InAs QWIP FPA at 10
ms integration time and at 82 K

The operability of the InP/InAs FPA is around 98% and the origin of the bad pixels
is mostly fabrication-oriented defects (not related with the detector material). Onthe
other hand, the calculated nonuniformities do not show the actual values for this FPA
because some pixels exhibit higher response due to the fact that underfill was not
distributed with perfect uniformity between the FPA and the ROIC. Therefore,
NETD nonuniformity was also evaluated by selecting 256x256 pixel array where
distribution of underfill material is more uniform. The InP/InAs FPA offer higher
NETD uniformity than InP/InGaAs FPA. The higher NETD uniformity can be
attributed to the usage of binary material in the quantum well region. Figure 3.29

shows a snapshot recorded by InP/InAs FPA at 82 K and 10 ms integration time.
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Table 3.3 NETD nonuniformities of the InP/InAs QWIP FPA in the 256x256 pixels

region
Integration time Nonuniformity
3ms 7.9%
4 ms 7.8%
5ms 7.6%
6 ms 8.0%
8ms 9.6%
9 ms 9.7%
10 ms 9.5%

‘A

Figure 3.29 A snapshot recorded by InP/InAs FPA at 82 K and 10 ms integration
time
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3.8.2 Correctability of the InP/InAs QWIP FPA

The correctability results are shown in Table 3.4 for calibration at 295 K and 305 K
and evaluation at 300 K for the InP/InAs QWIP FPA. For all integration times, the

correctability is also smaller than 1 for this FPA.

Table 3.4 Correctability of the InP/InAs MWIR QWIP FPA

Integration time (ms) | Correctability (c)
2.17 0.2272
3.13 0.2303
4.09 0.2653
5.29 0.2682
6.02 0.2875
7.94 0.3121

3.8.3 RTS Noise Evaluation of the InP/InAs QWIP

To find the pixels exhibiting RTS noise in the InP/InAs QWIP FPA, with 14-bit
imager, 2000 frames were taken at 5.76 Hz with integration time of 4 ms and the
blackbody was set to 25 °C. The method used for the evaluation RTS noise of the
InP/InGaAs QWIP FPA was applied to find pixels exhibiting RTS noise of the
InP/InAs QWIP FPA. Among 327680 pixels, 377 pixels exhibited RTS noise. An
example of signal in time domain and associated histogram are shown in Figure 3.30
and Figure 3.31. Both FPAs do not suffer from RTS. On the other hand, pixel
exhibiting RTS noise should be considered as bad pixel and must be corrected to

prevent blinking pixels.
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Figure 3.31 Histogram of a pixel exhibiting 3 level RTS noise in 2000 frames
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This study also shows that RTS noise is not a considerable issue in the strained
InP/InAs QWIP technology.

3.9 Comparison with other MWIR FPA Technologies

The FPAs (based on InP/InGaAs and InP/InAs material systems) characterized in
this thesis work exhibits similar performance in terms of NETD. In order to assess
the FPAs NETD performances effectively, the NETD results from literature are also

presented in Table 3.5.

Table 3.5 NETD values of the MWIR FPAS based on different material
technologies

Technology NETD Optics Integration Pixel Cut-off
(mK) Time (ms)  active (um)
area
(nm?)
InP/InGaAs 20.2 f/2 20 12x12 6.0
QWIP
InP/InAs 27.8 f/1.67 | 10 10x10 6.2
QWIP
AlInAs/InGaAs | 22 /1.5 20 23x23 4.9
QWIP [73]
AlGaAs/InGaAs | 19 /2.5 60 17.5x17.5 | 5.1
QWIP [74]
AlGaAs/InGaAs | 14.3 /1.5 20 22%22 5.1
QWIP - 2 [75]
HgCdTe [76] 19.6 | fl4 5 13x13 5.3
InSb [77] 14.6 f/2.3 3 28x28 55
T2SL [78] 21 /4 10 13x13 5.3
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The NETD values should be corrected to the same level to make a fair comparison.
Therefore, the optical aperture and areas of the pixels were corrected, according to
Equation (1.21), to f/2 optics and 12x12 pm?. For non-reported pixel active areas,
the side lengths of the pixels were assumed to be the pitch length minus 2 pm.
Reflection from the surface was also corrected, if the AR coating was not applied.
The corrected NETD values are marked on integration time (1) vs. NETD plot
(Figure 3.32) where scaled 1/v T lines were also drawn to evaluate the corrected
NETD performances for different integration times. 1/V t lines state that points on
the same line represent similar NETD performance and lines which are closer to left

side of the plot correspond to better NETD performance.
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Figure 3.32 NETD vs. integration time for different MWIR FPA technologies (all
values are corrected to 12x12 pm? active area and /2 optic, the effect of AR
coating is also corrected)

As seen from the Figure 3.32, HgCdTe, T2SL and InSb technologies offer very good

NETD performance even with integration times less than 10 ms. On the other hand,
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for high enough integration times InP based QWIP technology can also offer the
same NETD performance. Therefore, if the application does not require very high
frame rates and very low integration times (submiliseconds), InP QWIPs can be a
proper alternative to the other technologies. The characterized FPAs in this thesis
work offer very high uniformity thanks to the absence of diffraction grating,
therefore, spatial noise does not limit the FPA performance for long integration
times. Moreover, GaAs QWIP technology does not reach NETD values lower than
20 mK due to low quantum efficiency even with very high integration times. GaAs
QWIP technology also may not meet pitch reduction need of new generation infrared
sensor technology due to the requirement of diffraction grating which performs
reduced efficiency with decreasing number of grating periods [16]. The NETD
performance of the GaAs QWIP is not close the InSb. The NETD performance gap
between those technologies is perfectly filled with the InP QWIP technology even
without any light coupler scheme. InP technology offers widely accessible and high-
quality substrates which makes the fabrication easier. This technology also offers
adjustable gain property ina wide bias range. The gain of the detector can be adjusted
so that high performance imaging can be performed under varying background
photon flux. This feature is not provided photovoltaic based detectors due to fixed
gain and standard GaAs QWIP technology because of gain saturation [79]. On the
other hand, photodetectors in this thesis work can provide high and adjustable gain

in a wide bias range.

In order not to suffer from spatial noise which limits the FPA performance especially
for high integration times, an FPA must have low NETD nonuniformity. As seen
from Table 3.6, the QWIP technology offers less nonuniformity than technologies
that performs very low temporal NETD. Therefore, the performance limitation due

to the varying pixel characteristics is less in QWIP based FPAs.
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Table 3.6 NETD nonuniformity measurement results for different MWIR
technologies

Technology ‘ NETD Nonuniformity

InP/InGaAs QWIP 12.0%
InP/InAs QWIP 8.0%
AlGaAs/InGaAs QWIP [74] | 5.5%
HgCdTe [77] 21.5%
InSb [77] 13.1%
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CHAPTER 4

CONCLUSION

In this thesis study, two different 640x512 format and 15 um pitch FPAs which are
based on InP QWIP technology and operate in the MWIR band were characterized
to show that InP QWIP technology offers high performance FPAs in the MWIR
band. The first FPA was based on strained InP/InggsGao.1sAs material system and
performed 20.2 mK mean NETD with 20 ms integration time and /2 optics. The
pixel active area of this FPA was 12x12 pm?. The second FPA was based on strained
InP/InAs material system. It yielded 27.8 mK mean NETD with 10 ms integration
time, f/1.67 optics and pixel active area was 10x10 um?. Both FPAs exhibited very
low NETDs without AR coating and diffraction grating.

It is shown that if the imaging application does not require very low integration
times, InP/Inog5Gao.15As and InP/InAs QWIPs can also be a proper IR detector for
thermal imaging applications in the MWIR band thanks to the high enough

conversion efficiency of high-x InP/In,Gai«xAs.

Both FPAs characterized in this thesis work were free of diffraction grating. This
shows that high-x InP/InyGai.xAs QWIP technology offers high performance without

requirement of any light coupling scheme.

Although the material systems were strained for both FPAs, they performed very
high uniformity with correctable performances. The NETD nonuniformities of the
INP/Ing.gsGap.1sAs and InP/InAs QWIP FPAs were 10.3% and 8.0% for 13 ms and 6
ms integration times, respectively. The lower nonuniformity in the InP/InAs QWIP
FPA can be attributed to the usage of binary material in the well region. The strain
did not also cause any stability problem. The number of pixels showing RTS noise

was not at considerable level in both FPAs.
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It is deduced that GaAs QWIP technology suffers from low conversion efficiency
and cannot offer low NETD with small pitches even with integration times of 30 ms.
Due to the gain saturation in GaAs QWIP technology, GaAs based QWIP cannot
offer adjustable gain for different bias voltages, on the other hand, variable gain

feature of the InP technology makes the FPA adaptable for altering scene conditions.

The mature fabrication nature of InP technology enables inexpensive fabrication
with high yields. Easily reachable high quality InP substrates makes the fabrication

sustainable and easier.

All in all, high-x InP/InyGai-xAs QWIP technology offers high performance in the
MWIR band and can be an alternative to other IR detector technologies. This
technology also overcomes the two main limitations which are the requirement of
diffraction grating and low conversion efficiency of the standard QWIP technology.
High-x InP/InyGai.xAs QWIP technology provides high enough conversion

efficiency allowing operability in low background conditions or high frame rates.

For the future work, the cut-off wavelength of the detector can be reduced to around
5 um, to make long distance imaging more effective and increase the operating
temperature of the detectors. This can be accomplished by optimizing the epilayer
structure. Well and barrier materials can be optimized to create larger energy

difference between quantized energy states.
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