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Abstract

In this thesis, a novel integrated read-out circuit (ROIC) for uncooled microbolometers
is presented. It features in-pixel pre-amplification instead of just one amplifier per
column or even just a single amplifier for the entire frame. The 3D-sequential
integration (3DSI) process is used with two tiers (bottom and top) for designing,
simulating, doing the layout, and evaluating the area optimization. Two types of Pre-
amplifier are designed ,implemented and simulated based on the limited area under
each pixel which is approximately 17 x 17pm in dimension on the layout and passive
elements availability for each tier. The first amplifier is designed on the bottom tier and
the second one is on the top tier while both amplifiers use resistor and capacitor from
the bottom tier. A Size evaluation and optimization performed on both tiers while the
functionality is almost the same with some adjustments. A decoder for selecting related
pixel and Current sources for driving operational amplifiers in an example ROIC for
4x4 pixels are designed and simulated. This project is limited to simulation, and there
is no tape out for this work because of some time limitations for actual production.
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Chapter 1

Introduction

1.1 Thermal Monitoring

Different types of vision systems are used to cover our sight limitations. Principally ,
we can divide them in to two main categories: daylight vision and night vision. Ability
to see in low-light conditions will give us many opportunities as humans have poor
night vision compared to many animals, additionally, night vision has many industrial
applications also. Infrared imaging science is the key tool for recognising objects and
totally getting information about the facts without visible illumination since infrared
radiation is emitted by all objects with a temperature above absolute zero . Temperat-
ure is defined as the energy level of matter which can be observed by some change in
that matter. Temperature measuring sensors come in a wide variety and have one thing
in common: they all measure temperature by sensing some change in a physical char-
acteristic. A temperature sensing can be categorized in to two basic physical types: (a)
Contact Temperature Sensing Types which is required to be in physical contact with the
object being sensed. (b) Non-contact Temperature Sensing Types, These type of sensors
use convection and radiation to monitor changes in temperature [57].

In general, the basic common types of temperature measurement sensors in industries
are thermocouples, resistive temperature devices (RTDs, thermistors), infrared radiat-
ors, bimetallic devices, liquid expansion devices, molecular change-of-state and silicon
diodes[57].

Remote sensing is the science of obtaining information about an object, area, or phe-
nomenon through the analysis of data acquired by a device that is not in contact with
the object, area or phenomenon under investigation. The process uses physical char-
acteristics of an area or object by measuring its reflected and emitted radiation at a
distance. Thermal imaging is a very powerful remote sensing technique for a number
of reasons, thermal imaging data is collected at the speed of light in real time from a
wide variety of platforms, including land, water, and air-based vehicles. It is superior
to visible imaging technologies because thermal radiation can penetrate smokes, aero-
sols, dust, and mists more effectively than visible radiation. It is a completely passive
technique capable of imaging under both daytime and night-time conditions. Fig. 1.1



shows one application of night vision system. The development of such systems is in-
terested from the first applications and so much continuous works are done to update
the quality and performance of the IR imagers till now.

Figure 1.1: Crew-1 Dragon return, night vision checking camera(4 main parachutes
vision)[18].

Imaging based on temperature or Thermal imaging goes all the way back to year
1800 when infrared was discovered as a form of radiation beyond red light. Infrared
light or for short (IR) , is a type of radiant energy that’s invisible to human eyes
but we can feel it as heat. IR wavelengths start from the edge of red color of the
visible spectrum around 700 Nanometers (frequency 430 THz), to 1 millimeter (300
GHz). Infrared technology has many uses. One of the most notable usage of it is
for thermal imaging cameras.A standard camera captures the light we can see with
our eyes or visible part of it, but a thermal camera captures “invisible” infrared light,
this ability is used for making technologies such as night vision goggles. The first
thermal camera is almost 100 years old, and it used in the earlier wars of the 20t
century. But today, they're using as household and industrial items. Anybody can
buy a camera with a thermal imaging sensor for a fair price and use it as a hobby or



recreation [60]. Thermography, the process of using heat and infrared light to create
an image goes back as far as early cameras. Hungarian physicist Kdlman Tihanyi first
invented thermal imaging or “night vision” for British anti-aircraft defense following
World War I. The new camera technology was so useful that it didn’t take long time to
cross the Atlantic where it grew rapidly in the United States throughout the rest of the
20th century. After its success with British anti-aircraft defense in the 1920s and 1930s,
the U.S. Military and Texas Instruments created the first infrared line scanner in 1947
that allowed cameras to produce a single image (however, that process took one hour
at the time). As image processing speed improved over time, cameras were used for
more practical applications, such as seeing through smoke when firefighters are trying
to locate people trapped in burning buildings. Thermal cameras wouldn’t reach the
consumer market level until the late 20" century, but they quickly became popular and
used with different agencies, and companies. Fig. 1.2 shows one of the first IR camera
in use [58].

Figure 25.2 1969: Thermovision Model 661. The
camera weighed approximately 25 kg (55 Ib.), the
oscilloscope 20 kg (44 Ib.), and the tripod 15 kg
(33 Ib.). The operator also needed a 220 VAC
generator set, and a 10 L (2.6 US gallon) jar with
liquid nitrogen. To the left of the oscilloscope the
Polaroid attachment (6 kg/13 Ib.) can be seen.

Figure 1.2: Outdoor substation infrared scan, circa 1969. Photo: FLIR Systems(Forward
Looking Infrared).



1.2 Work Motivation

Detection and tracking in thermal infrared imagery has historically been of interest
mainly for military purposes. Increasing image quality and resolution combined
with decreasing price and size during recent years opened up new application areas.
Thermal cameras have advantages in many applications due to their ability to see in
total darkness, their robustness to illumination changes. There are currently two types
of thermal imaging sensors on the market, cooled and uncooled.

(a)Cooled systems are maintained at a very low temperature by a cooling system. The
fact that they are cooled presents them from being “blinded” by their own infrared
emissions. Each time the system starts up, it must be cooled. These cooled sensors are
the most sensitive to tiny differences in temperature between objects in the scene being
observed. Cooled imagers are often bigger in size and heavier than uncooled imagers,
but they offer very high image quality and are compatible with longer-range lenses.
(b) Uncooled (bolometer-based) systems are compact , and usually, they are not heavy.
They are especially suited for mobile applications where weight is more important
than image quality. Microbolometer-type detectors are much less expensive than
their cooled equivalents, making them compatible with compact, affordable devices.
These sensors are also more reliable in similar operating conditions. For surveillance
applications, for example, microbolometers require much less maintenance than cooled
Sensors.

Uncooled (thermal) infrared sensors are one of the most typical MEMS-based devices
. They are a light weight and low cost alternative to their cooled counterparts also
these IR focal plane arrays (IRFPAs) use in many applications such as medical imaging,
thermography, night vision, surveillance and industrial process control which is under
focus recently.

Also they can detect infrared radiation in the long wavelength infrared spectral band
roughly between 8um to 14um. This ability gives them a wide rage of applications.
Since objects near room temperature emit electromagnetic waves around a wavelength
of 10pm so we can detect them in complete darkness and obtain information on their
temperature with uncooled infrared sensors [1].

Fig. 1.3 illustrates the infrared sensor market. Both single-element infrared detectors
and large-format infrared focal plane arrays (IRFPAs) have already been marketed. But
avery large undeveloped market exists between them that cannot be filled with existing
devices because of high cost and inadequate specifications. Over the past 20 years,
although major efforts for uncooled infrared sensor development have concentrated
on performance improvement. the interest is growing in the intermediate market.
Recently, many researchers and some companies have been working on small-format
infrared array sensors that are suitable for the new market.These new type of sensores
are mainly include microbolometers . Based on end user, the market is categorized into
military and defense, industrial, commercial, healthcare and life sciences, residential,
automotive, and oil and gas [74].

Microelectromechanical systems
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Figure 1.3: Structure of infrared sensor market. Large new market is expected between
two existing markets: high-performance IRFPA and single element detectors [48].

Fig. 1.4 shows market evaluation for IR camera and up warding trend for both military
and commercial applications at a CAGR of 8.8% over the forecast period (2021 - 2022)
2. The IR camera market was valued at USD 4 billion in 2020 and expected to reach a
value of USD 10 billion by 2026. With the increasing demand for advanced driver as-
sistance systems (ADAS) in the future and investments in autonomous cars, IR cameras
are expected to use significantly in vehicles [40].

2Compound annual growth rate (CAGR) is the rate of return that would be required for an investment
to grow from its beginning balance to its ending balance, assuming the profits were reinvested at the end
of each year of the investment’s life span.



Global uncooled IR camera market from 2016 to 2022

(Source: Uncooled Infrared Imagers report, Yole Développement, August 2017)
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Figure 1.4: Market evaluation for IR sensors between the years 2016 and 2022 [40].



1.3 Thesis Proposition

In this thesis, the structure and principle of Bolometer will be discussed and take look at
the microbolometer as a specific type of Bolometer which is used in many applications
as thermal detector. Also a novel readout circuit is proposed with the cell integrated
amplifier for improving noise issue of the existing methodes [47].

By using long metal interconnects as a part of the pre-digitization readout circuit, we
should use buffers and, potentially we need to apply some noise cancellation tech-
niques because of long metal routing increase noise. So that result in increasing power
consumption and area overhead in the Layout. Thus re-thinking at the architectural
level is crucial to meet these demands [61].

Accordingly, in this work by using an in-build amplifier for each IR cell in readout cir-
cuit , we can make short signal path (by shortening the metal interconnections) before
amplification, which is always beneficial for noise reduction. Since this structure is
rarely use for the pixel readout topology today, we can not compare it with the other
examples. By reducing the noise, power consumption can be also reduced as a res-
ult of ignoring extra noise cancellation circuitry. Transimpedance amplifier (TIA) ad-
ded for each cell with full voltage swing and pre-amplification can reduce the noise
which can be an effective method for small size IR sensors [21]. In addition, in the
readout circuit after pre-amplification there is source follower (SF) in each pixel which
increase the signal current (will be discussed in readout implementation part). Most of
the readout circuits use amplifier for every column or one for all pixels (we will cover
this in the readout topology chapter 3.5). Adding amplifier has some advantages like ,
noise reduction and digitization possibility at the pixel level. But it has some drawbacks
also. Firstly, by increasing the number of amplifiers, power consumption increases.
Secondly, MOSFETs suffer from random, microscopic variations and hence mismatches
between the equivalent lengths and widths of two transistors that are identically laid
out. Device mismatch leads to dc offsets, which reduce the performance of circuit and
increase nonlinear operation. Generally, most of the TIA amplifiers use differential pair
and current mirror design configuration. Some techniques can be used to minimize
mismatching effects at the transistor level by implementing common centroid layout ,
degeneration design and adaptive biasing [50]. Width and length of the transistor can
effect overdrive voltage result in improving mismatch. Also some Electronic Mismatch
cancellation methods can be used at circuitry level.

In mobile applications the size of sensor is important. Decreasing IR sensor size res-
ult in the pixel size decreasing. As the pixel size is decreased, low sensitivity rises
severely. Fig. 1.5 shows the thermal response simulations of conventional microbolo-
meter design with various pixel sizes.

If the pixel design is maintained the same, the short thermal conduction path at small
pixel size show very low responsivity which is the gradient of the output signal as a
function of the light intensity (The responsivity depends on how the light is hitting the
pixel. The result is shading.)



In addition, the small pixel size requires more design in terms of mechanical and
electrical characteristics. IR imaging sensors need a small-sized pixel for high resolution
as well as for small form factor®. For the effective pixel design with high fill-factor?, the
anchor and leg area should be minimized because these spaces proceed to low thermal
resolution by reducing IR absorption area [8]. The most efficient way to use these spaces
by shared-anchor structures, which used to minimized the anchor and leg for more
effective pixel with high fill-factor.

Time=0.02 Subdomain: Temperature [K]

Figure 1.5: Thermal response of conventional microbolometer with various pixel
sizes(form-factor).temperatures are in kelvin [45].

3hardware design aspect that defines and prescribes the size, shape, and other physical specifications
of components, particularly in electronics devices or elements

4The fill factor of an image sensor array is the ratio of a pixel’s light sensitive area to its total area. It
will be explained in detail later on section 2.1.



Chapter 2

Background

2.1 IR Sensors and Bolometer Structure Overview

Infrared radiation was discovered by Herschel [34] using a mercury-glass thermometer
to detect sunlight that distributed or spread over a wide area by a prism. Thermal
detectors have played an important role in the exploration of infrared radiation to the
present date Fig. 2.1 shows radiation spectrum. All thermal radiation detectors include
an absorbing element with heat capacity C which converts the incident electromagnetic
radiation to heat, and which is attached to a heat sink at temperature T; via thermal
conductance G. After the incident radiation power P is turned on, the temperature
Tg of this absorbing element initially increases with time at rate dTp/dt = P/C and
approaches the limiting value Tg = Ts + P/G with the thermal time constant T = C/G
[64].

< Increasing Energy
Increasing Wavelength >
&00?1 nm 0.01 nm 10 nm iOD(ll nm {).I:Hl cm 1 lcm 1Jm Il::ﬂ'[)I m
Gamma Rays X-Rays uv Infrared Radio Waves
uv Light Infrared
Vacuum | C | B| A Near Mid Far
10 nm 200 280 315 380 780 1,500 5,600 1,000,000 nm

Figure 2.1: Different types of electromagnetic radiation spectrum.



When the radiation is turned off, it relaxes back to Ts with the same 7. Thermal
detectors are different by the method they use to readout the temperature from the
radiation absorber. The following frequently used examples illustrate the range of
possibilities (methods which was used before bolometer invention).

1) In the radiation thermopile, the thermoelectric effect is used as the temperature
readout. The output impedance of this thermometer is increased by using many
thermocouples! in series, the hot junctions on the absorber, and the cold junctions on
the heat sink Fig. 2.2 shows an example thermopile [5].

Figure 2.2: Eight thermopile arrays. Each 0.4 mm x 6.0 mm thermopile contains 40
junctions. [5].

LA thermocouple is a sensor for measuring temperature. This sensor consists of two dissimilar
metal wires, joined at one end, and connected to a thermocouple thermometer or other thermocouple-
capable device at the other end. When properly configured, thermocouples can provide temperature
measurements over wide range of temperatures.

10



2)In the Golay pneumatic detector, the heat absorbed in a thin metal film is transferred
to a small volume of gas. The resulting pressure increase changes the angle of a mirror
in an optical amplifier Fig. 2.3 shows Golay Cell Schematic [32].

gas-filled cavity

IR window membrane housing

IR absorber optical read-out
system
compensation leak

Figure 2.3: Golay Cell Schematic)[32].

3)In the pyroelectric detector, the absorbed heat increases the temperature of a material
whose dielectric constant is a sensitive function of temperature. This pyroelectric
material is contained in a voltage-biased capacitor which acts as a source of current
proportional to the time rate of change of the dielectric constant.Both the Golay and the
pyroelectric detector have been widely used in laboratory infrared spectrometers since
the 1960s Fig. 2.4 shows Pyroelectric sensor structure [64].

Resonant MMW
absorber Top

Bottom i electrode
electrode d

LY

X AN
(a) \
Carrier /' Support Pyroelectric| Carrier
layer film

(c)

Figure 2.4: Pyroelectric sensor. (a) Sketch of the pyroelectric sensor with an integrated
resonant absorber. (b) Photo of the sensor structure through the sapphire window. (c)
Appearance of the accomplished sensor in the standard KT-3 package [51].
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The bolometer, which was developed by S. P. Langley (1981) is a thermal infrared de-
tector which employs an electrical resistance thermometer to measure the temperature
of the radiation absorber.

In general, Bolometer is a device for measuring the power of electromagnetic radiation
via the heating of a material with a temperature-dependent electrical resistance. Elec-
tromagnetic radiation (EM radiation or EMR) includes radio waves, microwaves, in-
frared, (visible) light, ultraviolet, X-rays, and gamma rays, as shown in Fig. 2.1. A
sensitive thermometer with electrical resistance varies with temperature is used for de-
tecting and measuring of thermal radiation.[64].

A bolometer structure is made up an absorptive element, like a thin layer of metal
which is connected to a thermal reservoir which is a heat sink or a body with constant
temperature through a thermal conductance. Absorber element hits by radiation and
it’s temperature raises above the thermal reservoir’s temperature. Absorber change the
radition power to the temperature.

The speed of the detector is set by thermal time constant which is defined by The time
required for a thermistor to change 63.2% of the total difference between its initial and
final body temperature when temperature changed by step function from T, (ambient
temperature) to Te (final temperature) Fig.2.5 . The intrinsic thermal time constant is
defined by 7:

_ heat capacity of the absorptive element
“" thermal conductance between the absorptive element and the reservoir

Changing in the temperature can be measured directly with an attached resistive
thermometer(thermistor), or by the resistance of the absorber element itself. Thermistor
is a type of thermal resistor made of semiconductor material and has a negative
temperature coefficient. The negative temperature coefficient means their resistance
decreases with the increases in temperature.

Usually, metal bolometers don’t need cooling system and they are made of thin foils or
metal films. Semiconductors or superconductors use as absorptive elements in stead of
metals with greater sensitivity. These devices can be operated at very low temperature
with significantly better sensitivity.
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Figure 2.5: Structure of Bolometer [28] .

Before moving to the microbolometer structure, two important definitions will be dis-
cussed, in order to evaluate the detector properties[23].

The first one is fill-factor which is the detection area to the detector area; its values de-
pend on the structure and the shape of the supporting leg. In a sensor with the high fill
factor pixels, more number of photons is captured in comparison to a sensor with the
low fill factor pixels. Hardware innovations in image sensor technologies are achieved
to increase the fill factor by decrease of occupied area of the pixel transistors. One of the
effective way to in-crease the fill factor is to put a microlens or an umbrella above each
pixel which converges light from the whole pixel unit area into the absorber in order
to capture more number of photons as shown in Fig.2.6. Since 90s, various techniques
have been developed for increasing fill factor and they are widely used in different type
of sensors. But it is still impossible to make fill factor 100% in practical production due
to the physical limits in digital camera development [24, 26]. Fig. 2.7 shows various
microbolometer topologies for improving fill factor.
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Figure 2.6: Light incident on sensor with high and low fill factor pixels are shown in
(a) and (b) respectively. (c) Pixel with the micro-lens is used to compensate the entering
light [16].

[solation Legs and
Body Laver

Temperature -
Sensitive Laver

Reflector and
Interconnect Routing

Figure 2.7: 3D illustrations of various microbolometer topologies.(a) A typical one-
level topology involves the absorber layer, the temperature-sensitive part, interconnect
routing, and the thermal isolation legs on the same vertical space, with which either
the filling factor is too small or the thermal isolation is too low . (b) Isolation legs are
vertically spaced apart from the temperature-sensitive part and the absorber layer in
order to make more room for longer isolation legs with a typical two-level topology

(c) Umbrella solution leaves the interconnect routing in the first level and helps
increasing the filling factor in the second level , and (d) perforations to the umbrella
layer is introduced to further enhance the overall detector performance [12].
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The second definition is Amorphous silicon (a-Si) which is the non-crystalline form
of silicon used for solar cells and thin-film transistors.As mentioned a-Si is also used
in thin films for variety of substrates and flexible substrates, such as glass, metal and
plastic [11]. The principal advantage of amorphous silicon is their lower manufacturing
costs, which makes cells very cost competitive. One of the main advantages of a-Si over
crystalline silicon is that it is much more uniform over large areas.

Monocrystalline Polycrystalline Amorphous

Figure 2.8: Schematic of allotropic forms of silicon: monocrystalline, polycrystalline,
and amorphous silicon

The two most commonly used IR radiation detecting materials in bolometers are
amorphous silicon and vanadium oxide (V205 Vanadium(V)oxide or vanadium
pentoxide). Amorphous Si (a-Si) works well because it can easily integrated into the
CMOS fabrication process, it is highly stable, has a fast time constant, and has a long
mean time before failure (MTBF). A thermal imaging camera with Vanadium Oxide
Micro-bolometer detector is more stable, compact, sensitive compare with any other
technology although VOx is older technology. VOx market share is closely 70% where
as Amorphous Silicon is about 13%. Also, VOx technology based thermal cameras are
being used in Defence Sector due to its sensitivity, image stability and reliability [22,
81].
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A microbolometer is a specific type of bolometer which is used in many mobiles or
stationary applications as a thermal detector. Microbolometer belongs to the group
of thermal detectors and consist of temperature sensitive resistor which is exposed to
measured radiation flux. Bolometer array employs a pixel structure prepared in silicon
micromachining technology (MEMS) is called microbolometer. When radiations hit
the detector, it makes heat and changes its electrical resistance. This resistance change
is measured and processed into temperatures that can be used to create an image or
data. Usually, microbolometers do not need cooling system, unlike other types of
radiation/infrared detecting equipment [87].

Temperature
) Power
Sensetive R

Material Y\ Absorber

Bridge |\ S B BN
leg Membrane
W Reflector Mol Pad

Bias current

Substrate (Constant Temp)

ROIC (read-out Circuit)

Figure 2.9: Basic structure of an uncooled microbolometer pixel.

The sensitivity of the microbolometer can increase by using semiconductors or
superconductors as absorptive elements rather than using metals film. In comparison
to the conventional high-resolution thermal sensors which required expensive cooling
methods like liquid nitrogen or helium gas coolers. These cooling methods make early
thermal imager sensors expensive to operate with limited mobility. Additionally, most
older thermal imagers required a cool down time before being usable.

A microbolometer consists of an array of pixels and each pixel is made up of several
layers. Basic structure of microbolometer shown in Fig.2.9. Different procedure will
be used for producing microbolometer also a variety of different absorbing materials
used in the structure. In Fig.2.9 the bottom layer consists of a silicon substrate and a
readout integrated circuit (ROIC) as an example. Also Fig.2.10 shows schematically the
structure of such a pixel , and Fig.2.11 represents a Scanning electron microscope(SEM)
view of an active pixels processed on a ROIC substrate.
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Figure 2.10: Schematic of microbolometer pixel.

r 2 iy h ,’1& -
10 um EHT = 5.00 kv Signal A = SE2 Signal B = InLens -
WD = 16.6 mm Grand. = 4.40 KX Mixage Signal = 0.0000 Ietl

Figure 2.11: SEM photography of an active pixels processed on a ROIC [69].
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2.1.1 Pixel architecture

Usually, the microbolometer has at least 2 anchors and 2 legs with 1/4 (quarter wave
length) resonant cavity structure for fully absorbing of infrared or electromagnetic
waves. Fig. 2.12 shows 4 kinds of 3D geometric single—element microbolometer
structures [35].

(a) Design 0

1

2 X105m

X107 m

(c) Design 2 (d) Design 3

Figure 2.12: The 4 kinds of top-view 3D geometric 35 pm pixel pitch single-element
microbolometer structures, where (a) Design 0 is the standard L-shaped dual-leg
structure for reference; (b) Design 1 with 2 pm x 2 pym central square hole and two
7.5 pm x 2 pum slits on the suspended area; (c) Design 2 with 4-leg structure used for
strengthen the suspended supporting and (d) Design 3 is the structure with increasing
the gap between two contacts, from 14.5 to 20.5 ym as an example design [89].

In general, an infrared detector generates temperature changes by absorbing infrared
light from the external environment and converts those changes into an electrical sig-
nal, so the infrared absorption structure plays an important role in enhancing detector
sensitivity[14, 31]. Most infrared detectors consist of a metal reflector, a quarter wave
floating membrane, and an absorption film because 50% of the incident radiation is ab-
sorbed and the rest of infrared light is transmitted or dispersed. Therefore, in order to
achieve efficient infrared light absorption, a gap design (2.5 um for quarter wavelength
at 10 nm) without loss of incident or reflected light is necessary for 100% absorption in
the ideal case.

18



When the pixel size is large (45 pm for example), the area of the anchors and legs are
not as important for determining the responsivity as the IR absorbing area is sufficiently
large. However, the responsivity at pixel sizes below 25 pm is more affected by the area
of the anchors and legs. In this case, the anchor and leg areas should be minimized to
increase fill factor. When the neighboring pixels share the same anchor, this area will be
also shared by the pixels. As a result, it is possible to design a single-anchor-per-unit-
pixel structure by sharing the anchors with four neighboring pixels. Unit pixels have
four legs, only two of which are electrically conductive in order to isolate electrically
and thermally from the neighboring pixels [45].

(a) (b)

0

H
H
]
]

|

O | I [

M)

Black line : leg for mechanical strength  Black line : leg for mechanical strength
Red line : leg for electrical signal Red line : leg for electrical signal

Figure 2.13: Design concepts of the proposed microbolometer using shared anchor
structure 2 typologies a and b suggested [45].

As shown in Fig. 2.13, two types of pixel designs are suggested and their fill factors
increase by 10% compared to the normal unshared-anchor design.

2.1.2 Mechanical and Thermal Design

Mechanical deformation of unit pixel should be minimize. This is important to
maintain the optically resonant cavity structure and electrical uniformity through the
membrane. The detecting area is defined by a size of thin membrane. Focal plane array
(FPA) is made of a large number of detector elements, where each individual detector
has different responsivity and offset due to detector-to-detector spread in the FPA
fabrication process, and additionally can change with sensor operating temperature,
biasing voltage variation or temperature of the observed scene. The difference in
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responsivity and offset among detectors (which is called nonuniformity) with its high
sensitivity, produces fixed pattern noise (FPN) on produced image [7] [83].

Fixed pattern noise degrades parameters of infrared cameras like sensitivity or NETD
(Noise Equivalent Temperature Difference will be discussed in section 2.1.4) [59].
Additionally it reduces image quality and temperature resolution. As an example
structure, new shared anchor designs have 4 anchors around unit pixel to minimize
the free-end corner and edge which show high mechanical deformation in normal
unshared anchor design [42].

Under the same thickness and material properties, the simulation results show that
shared anchor structures have lower mechanical deformation than that of unshared
anchor structure as shown in Fig. 2.14 Minimization of free-end edge is more effective
to decrease the mechanical deformation and design 1 has the lowest deformation.
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Figure 2.14: Mechanical deformation simulation of the proposed microbolometer using
shared anchor structure: a 2 anchor, b design 1 and ¢ design 2

Thermal simulation is performed with the assumptions of ambient temperature,
vacuum condition and the irradiated IR power condition of 2nW/um?. The transient
thermal response depends on the leg length and parameter like fill factor. Membrane
temperature is determined by leg design and design 1 reaches at the highest
temperature at the same irradiated IR power with the highest fill factor [45].

2.1.3 Fabrication

Amorphous Si based microbolometer is popular to fabricate. The previous microbolo-
meters have fabricated using typical MEMS (micro-electro-mechanical systems) process
using polymeric material and wet process. Polymeric sacrificial layer has many prob-
lems such as degassing during post process which is an important key-step in polymer
processing, during the process low-molecular-weight components are removed from
a polymeric system and make it pure. Also other problem with using this method is
limitation of processing temperature [45].

MEMS processes such as wet cleaning and lift-off process can give yield problems. yield
is the percentage of the devices on a wafer that function properly. high yields are dif-
ficult with MEMS devices due to their mechanical complexity and their integration
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with the necessary microelectronics also reliability of fabricated MEMS due to the phe-
nomenon known as stiction which is about the sticking of structural elements either to
the substrate or the adjacent elements. Fig. 2.15 shows some typical MEMS process for
microbolometer.

(a) Thermal oxidation of Si;
Si;Ny by sputtering + RTA

Deposition of

Patterning Au array
(b) Pt a-Si and Pt clectmdcspt

(e) An

a-Si bolometer

Patterning Al,O,/Au for absorber

= Etching b: k\;‘/b hot KOH
tching back Si by hot
© Patterning Si,N, ® s ’

Figure 2.15: (a)—(f) Fabrication procedure of the MEMS-based wavelength-selective
absorbers. (g) and (h) Top-view optical microscope images of the fabricated MEMS
wavelength-selective bolometers with different square antenna sizes of the individual
sensors. The inset in (g) reveals a photo of the MEMS-based quad-wavelength
bolometer with the clear transparent Si3 Ny membrane around each bolometer. (i) Top-
view SEM image of the typical MEMS sensor [73].



By applying completely dry process using CMOS compatible materials and process
without any problems of degassing and temperature limitation. Membranes are
consisted of SiNx substrate (SiNx thin films have good properties and advantages as
low temperature processed barrier layers, and they can be adopted in the thin film
transistor (TFT) type), a-Si resistor and Ti(Titanium) absorption layer is used so, when
fabricated devise is checked by SEM(scanning electron microscope), It shows very clean
surface and high mechanical robustness. Fig. 2.16 shows microbolometers with 25 pm
pixel size [45].

Figure 2.16: SEM image of released microbolometers with 25 pm pixel size [45].
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A titanium mirror can be used as a reflector, which is placed beneath the IR absorbing
material for increasing absorption. Since some light is able to pass through the
absorbing layer, the reflector redirects this light back up to ensure the greatest possible
absorption and, allowing a stronger signal to be produced.

The Next layer is a sacrificial layer. this layer is based on fundamental technology
for creating movable parts so later in the process a gap can be created by pseudo-3D
pumachine to thermally isolate the IR absorbing material from the ROIC(readout circuit).
on top of sacrificial layer A layer of absorbing material is made. In order to create the
final bridge like structure (leg) shown in Fig. 2.17, the sacrificial layer is removed so that
the absorbing material is suspended above the readout circuit. Membranes consisted
of a SiNy substrate, an a-Si resistor, and a TiN absorption layer.

Since microbolometers do not need any cooling system so the absorbing material must
be thermally isolated from the bottom ROIC and the bridge structure. After the array
of pixels is created the microbolometer is encapsulated under a vacuum to increase the
longevity of the device. In some cases the entire fabrication process is done in vacuum.
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15t Support
Sacrificial

PAD PAD

@ 2 Support

@ = —
|

15t Support 15t Support
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® TiN ® 2" Support
15t Support 15! Support
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Figure 2.17: Typical process flow of microbolometer [45].
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Some of the challenging points in designing of the new microbolometer are mentioned
below.

-The quality of images created from microbolometers has continued to increase. As
the pixel size is decreased and the number of pixels per unit area is increasing propor-
tionally, an image with higher resolution is created, but with a higher NETD (Noise
Equivalent Temperature Difference) due to smaller pixels being less sensitive to IR ra-
diation. NETD or thermal sensitivity is importance for the process of evaluating and
comparing performances of thermal imagers which are essentially non-contact temper-
ature measurement devices.

These systems have small pixel pitches (< 25um) and require power effciency, low noise
equivalent temperature difference (NETD) (< 50 mK, "milli-Kelvin"). Low NETD de-
mands excellent microbolometer and readout noise performance [55] (NETD will be
discussed in detail in section 2.1.4. It has effect on image quality which is important in
the thermal imager development.).

-Temperature coefficient of resistance (TCR) The material used in the detector must
represent large changes in resistance as a result of changes in temperature in a short
time. When the material is heated, due to the incoming infrared radiation, the resist-
ance of the material decreases. This is related to the material’s temperature coefficient
of resistance (TCR) specifically its negative temperature coefficient. Manufacturers of
microbolometers try to use material with TCRs near —2%/K. However many other
materials have far higher TCRs that need to be taken into consideration when produ-
cing optimized microbolometers. The resistance of the metal increases with the rise in
temperature. So, the temperature coefficient of resistance is positive for metal. but for
semiconductor or other non-metal, the number of free electrons increases with an in-
crease in temperature. so the resistance of non-metallic substances decreases with an
increase in temperature. therefore temperature coefficient of resistance is negative for
non-metallic substances and semiconductors[82]. Fig. 2.18 shows The electrical resist-
ance for metal and semiconductors.

x
)

Resistivity
Resistivity

Temperature “T(K) Temperature ~T(K)

Electrical resistance of metals Electrical resistance of semiconductors

Figure 2.18: The electrical resistance for metal and semiconductors
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-Flicker noise or 1/f noise, Changes in temperature across the absorbing material are
determined by changes in the bias current or voltage flowing through the detecting ma-
terial. If the noise is large then small changes that occur may not be seen clearly and the
device is useless. Using a detector material that has a minimum amount of 1/f noise
allows for a clearer signal between IR detection and the output. Detector material must
be tested to evaluate the effect of this noise on the signal[36], [37].

-Power consideration, by using a material that has low room temperature resistance is
also important. Lower resistance across the detecting material mean less power. Also,
there is a relationship between resistance and noise, the higher the resistance the higher
the noise. so low resistance can meet the low noise requirement.

2.14 Noise Equivalent Temperature Difference

NETD is one of the important parameters at the technical details of a thermal camera.
The expression stands for “Noise Equivalent Temperature Difference”. it represented
the ability to distinguish between very small differences in thermal radiation in the
image by thermal detector. NETD is typically expressed in milli-Kelvin (mK). It is
also sometimes referred to as “Thermal Contrast”. When the noise is equivalent to
the smallest measurable temperature difference, the detector has reached its limit of its
ability to resolve a useful thermal signal. The more noise there is, the higher the NETD
value of the detector.

Typical values for uncooled, micro-bolometer detector thermal cameras are about 45
mK. Scientific cameras with photon based and cryogenically cooled detectors can
achieve NETD values of about 18 mK. The noise measurement value should be
specified at a particular object temperature, as this impacts the measurement. Example:
NETD at 30C° is 60 mK.

For measuring the noise equivalent temperature difference of a detector, the camera
must be pointed at a temperature controlled black body. The black body needs to
stabilize before starting the measurement. Also a black body is a physical material
with zero reflectivity and perfect emission. This means that a blackbody at constant
temperature absorbs all incident radiation at all angles and the spectrum of radiation
it emits is based on only temperature and no other physical property. The noise
equivalent temperature difference is then being measured at a specific temperature. It
is not a single snapshot measurement, but using a time related measurement of noise.
Fig. 2.19 shows the same scene recorded by two different cameras. One camera has
an NETD of 60 mK and the second has value of 80 mK. The areas in the image with
very low temperature show significantly more noise in the image taken with the 80 mK
camera. 20 mK difference doesn’t seem like much, but it has a potentially huge impact
on the image quality and measurement accuracy [80].
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NETD 60mK NETD 80mK

Figure 2.19: NETD affect [80].

There are several factors that can affect NETD. Thermal cameras sometimes come with
more than one calibrated temperature measurement range. The noise reading can vary
based on the selected range and also the object temperature. As long as there is signi-
ficant thermal contrast in the image and the temperature of interest is a lot higher than
the background temperature, then this won't affect the measurement accuracy much.
The noise level can also be affected by the detector and/or camera temperature. If the
camera is exposed to a high ambient temperature, the system noise may increase. This
depends on how well the camera is internally stabilized. Another variable that can
affect NETD is the f-stop (Focal-STOP) of the lens. The f-stop or aperture of the lens
determines how thermal radiation reaches the detector. Generally, a lower f-stop will
lead to a better noise value [3, 88].

In brief, the lower NETD value has these features:

-Good image quality.

-Simple to understand and easy to focus on the camera.

-Higher efficiency with a better image.

-Ease of identifying the objects in a thermal image.

Fig. 2.20 represents other example picture differences between two cameras with
different NETD.
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NETD 40 mK NETD 80 mK

Figure 2.20: Comparative illustration of thermal images captured by the thermal
camera of different NETD values [30].

2.2 Applications

The major applications of the bolometer include the following.

- A bolometer is an extremely sensitive device used for detecting electromagnetic
radiation or heat. Many devices use thermal camera which is based on microbolometer.
Fig. 2.21 shows some products with uncooled infrared technology.

- Emerging applications of this device are thermal imaging, scientific, monitoring of the
remote environment, solar probes, and THz communication.

- It is used in particle detectors, thermal cameras, scanners of fingerprint, forest
fire detection, concealed weapons detection, air surveillance, and astronomical
applications.

Application requirements of microbolometer based imaging systems are pointed out in
Fig. 2.22 and 2.23. While recent developments in microbolometer detector technology
have allowed the reduction of cost and size, improvements are still required on the
readout circuits and lower the overall power consumption. The Figures of merit, related
to microbolometer imagers, that are directly affected by these requirements include
NETD and readout dynamic range (digital resolution).
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New uncooled infrared products in 2018

(Source: Uncooled Infrared Imagers and Detectors 2019 report, Yole Développement, January 2019)

Vayu |080P HD by Sierra-Olympic
(announced for 2019)

Atto320 by ULIS

CATS61 by Caterpillar )
Hercules 5 drone with FLIR Pensar

ThermoGlass by Arsenz

ThermEye for smart
buildings by ULIS Saros Dome from FLIR

New ONE Pro LT by FLIR  Ruggedized tablet FZ-M| !

by Panasonic Seek Shot (206 x 156) and
Seek ShotPro (320 x 240) by Seek Thermal

Tenum core by DRS (VGA, |0p)

Bricklet by Tinkerforge

Figure 2.21: New uncooled infrared products in 2018.

Uncooled microbolometers also use in industerial monitoring and medical imaging.
Thermal cameras use microbolometers to get accurate infrared images with high qual-
ity. Particle detectors for measuring radiation levels is another application. Security
services, such as the police and military, use to detect concealed weapons. Some types
of fingerprint scanners, Air surveillance to survey concealed areas and Forest depart-
ments use bolometers to detect and study forest fires.

By using smarter IR sensors made thermal cameras more practical and affordable for
the consumer market such popular usage listed below: -Night vision (popular with
hunters)

-Building inspection (checking for hot water pipe leaks and insulation) Roof inspection
-Law enforcement (helicopter units following a suspect on foot)

-Medical testing and diagnosis

-Automotive night vision

-Paranormal tracking (debatable if it works but a popular hobby nonetheless)

-Hobby photography

-Security.

Law enforcement and medical uses might not sound very “consumer,” but the affordab-
ility of these devices makes them available to even small-town police departments and
hospitals. Some other advancements in thermal imaging today and in the future can
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Figure 2.23: Application Requirements and Figures of Merit of Microbolometer Imagers

be distance measurement as right now, a good consumer thermal imaging camera can
detect heat signals across a football field and expects that distance to increase rapidly
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and sensors grow and processors improve. It's not unreasonable to expect something
similar to a telephoto lens for thermal cameras in the very near future. Also usage in
drones, right now a thermal camera and exploring an area where normal drone cam-
eras are legal. As drones get better, so with their uses with a thermal imaging camera
attached to the bottom.

Agencies such as NASA and ESA, which are involved in astronomical studies, make
use of these equipment in their observation devices to study outer space in the far-
infrared spectrum. Bolometers are directly sensitive to the energy which is left inside
the absorber so they can be used for variety purposes with different type of input such
as ionizing particles, photons, non-ionizing particles, any sort of radiation, and even to
search for unknown forms of mass or energy. for example BGO scintillating bolometer
as dark matter detector prototype Fig.2.24 [17].

Figure 2.24: BGO scintillating bolometer
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Bolometers can also measure microwaves that are emitted by a pulsing power source.
This technology uses in automotive safety by detection of moving objects in front of a
vehicle. specially when we don’t have so much light another application can be secur-
ity cameras Fig 2.25 shows some night vision application [49].

Figure 2.25: Automotive night vision
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2.3 Biasing Circuits for the Uncooled IR Detectors

The readout circuits used for the uncooled infrared detector arrays perform two basic
operations:

1) pixel addressing in the detector array.

2) low noise amplification before and any signal processing stages.

The addressing circuitry (usually, A decoder is used for this purpose.) can be common
for different detector types, however pre-amplifier structure differs for different de-
tector types. Pre-amplifier must be able to read out different detectors with minimum
signal loss and minimum noise contribution.

Basically, there are two types of uncooled microbolometer detectors: resistive micro-
bolometers and diode type microbolometers. The continuous improvement in the un-
cooled infrared detectors quality and their readout circuits improved the performance
of the uncooled imaging arrays at reduced device size, power consumption, and over-
all cost.

Biasing circuitry needs for all types of the uncooled detector except for the thermoelec-
tric and pyroelectric detectors. Resistive and diode type microbolometers need to be
biased by a voltage or current source in order to sense the changes in the detector para-
meter by absorbing infrared radiation. The simplest and most direct method of reading
out a resistive microbolometer is to apply a voltage or current bias and to measure the
pixel current or voltage for resistance measurement. Fig. 2.26 (a) and (b) show the
two basic methods to measure the resistance value of the resistive microbolometer de-
tectors, which use constant voltage biasing with current reading and constant current
biasing with voltage reading methods, respectively [72].

bolometer
bolometer

A

bolo

Figure 2.26: Two basic methods to measure the resistance value of the resistive
microbolometer detectors: (a) constant voltage bias-current reading and (b) constant
current bias-voltage reading methods [72].
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Constant voltage bias can be implemented easily with minimum additional noise,
since the implementation of stable and low-noise current sources is not so easy.
Although constant voltage or constant current biasing methods are very simple, But
these biasing methods have some major drawbacks. Firstly, the resistance in these
circuits measurements absolute temperature while relative temperature is used for
most of applications also resistance readings are sensitive to temperature and process
variations. Secondly, the detector temperature starts rising with the application of bias
pulse, which is known as self-heating effect. The detector voltage changes related with
the changes in the detector resistance due to the self-heating effect, and usually the
self-heating induced change in the detector voltage is much larger than what can be
achieved with infrared radiation. The ratio based measurements is performed to reduce
the effect of process and operating temperature variations which can be obtained by
using resistive divider circuits operating in half bridge or full bride modes. These
bridge circuits can also be used to compensate the self-heating effect. Figure 2.27
shows the half bridge and full bridge circuits used for the resistive microbolometers,
where Ry,;, and R;,,; are the resistance of the microbolometer detector and the resistive
load, respectively. For the half bridge circuit, load resistances are implemented on the
substrate without any thermal isolation so they are insensitive to infrared radiation.
Rjoaq used as reference resistor also. For full bridge circuit, an optically shielded
microbolometer is used which is electrically identical to the bolometer pixel, and it is
suspended and made insensitive to infrared radiation. This optically shielded detector
is mainly used to cancel the variation in the detector voltage due to the self-heating
effect. These characteristics of shielded bolometer (suspended and being identical to
the actual bolometer detector) cause similar rising of temperature for both bolometers,
and self-heating generated signal component at the detector output is canceled by using
a differential readout circuit. Since the optically shielded bolometer can not respond to
the infrared radiation, there is no loss in the actual infrared induced voltage at the
detector output.
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Figure 2.27: Bridge circuits for the resistive microbolometers: (a) half bridge and (b) full
bridge circuits, where Ry,, and Rj,,4 are the resistance of the microbolometer detector
and the resistive load, respectively.

2.4 Pre-amplification Architectures for the Resistive Micro-
bolometers

A Readout integrated circuit (ROIC) is an integrated circuit (IC) for reading detectors
signals. ROIC circuits are compatible with different types of detectors such as infrared
and ultraviolet. The main purpose of ROICs is to accumulate the image-current from
each pixel and transfer the signal for readout. Conventional ROIC technology stores the
signal by sample and hold circuit for each pixel and then send the signal for readout.
Fig. 2.28 shows A simplified sample and hold circuit diagram. Al is an analog input,
AOQ is an analog output and C is a control signal.

e

C
Analog input (Al)
-+
T +

Analog output (AO)
Buffer e - Pulse Amplitude Modulation
- (PAM) output wave form
Capacitor Buffer

v

Figure 2.28: Typical Sample and Hold circuit
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This technique requires storing large signal charge for each pixel. A ROIC has high-
speed analog outputs to transmit pixel data outside of the integrated circuit. If digital
outputs are implemented, the IC is referred to as a Digital Readout Integrated Circuit
(DROIC). A digital readout integrated circuit (DROIC) is a class of ROIC that uses on-
chip analog-to-digital conversion (ADC) to digitize the accumulated image-current in
each pixel of the imaging array. DROICs are easier to integrate into a system compared
to ROICs as the package size and complexity are reduced, also they are less sensitive to
noise and have higher bandwidth compared to analog outputs. Fig. 2.29 shows an ex-
ample of comparison between ROIC and DROIC betwwen CCD ? and CMOS readout
architecture [29, 79].

Full Frame CCD CMOS Readout
Readout Architecture Architecture
Light sensitive pixel

L ~

C+A C+A

C+A C+A
C+A C+A C+A
| Output | I I I Output

- U/
— — C+A =t ADC AD! ADC | ADC | ADC B
| &

Analog to Digital converter

HEE
+
> >

x

Capacitor and Amplifier
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Figure 2.29: An Example comparison between ROIC and DROIC architecture.

A Digital pixel readout integrated circuit (DPROIC) is a ROIC that uses on-chip analog-
to-digital conversion (ADC) for each pixel to digitize the accumulated image-current
within the imaging array. DPROICs have an even higher bandwidth than DROICs and
can significantly increase the capacity and dynamic range of the device[6, 41, 46].

Usually, resistive microbolometers use pre-amplifier with a a simple biasing circuit
which is followed by an integrator. The pre-amplifier senses and amplifies the detector
current or voltage with minimum noise contribution. Generally, there are four types of
pre-amplifiers use in resistive microbolometer imagers:

2A charge-coupled device (CCD) is an integrated circuit containing an array of linked, or coupled,
capacitors. Under the control of an external circuit, each capacitor can transfer its electric charge to a
neighboring capacitor. CCD sensors are a major technology used in digital imaging.
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1) Bolometer current direct injection (BCDI): This circuit is based on constant
voltage biasing. R;, is the active microbolometer, whereas R, is the reference
microbolomter(reference blind). R, is thermally shorted to substrate, therefore, it
is not sensitive to IR radiation. This configuration converts the detector current to
voltage and helps to cancel out any DC offsets and also reduces self-heating induced
change in resistance. Before integration starts, rst(reset) discharge the capacitor. The
difference current of the two microbolometers is integrated on the load capacitor.The
main advantage of the integration is that it limits the electrical bandwidth, and it
amplifies the signal with a certain gain. Lack of buffering at the output is the main
drawback of the BCDI amplifier Fig. 2.30 [76].

Bolo_ref

Bolometer| <
Detector | =~ b

]
int
» OQut
V|nt 4{ - SI’ST

Biasing voltage

rst

Blind_ref

Figure 2.30: BCDI pre-amplifier circuit

2) capacitive transimpedance amplifier (CTIA) constant voltage biasing is used , and the
detector current is integrated using a switched capacitor to reset the integrator. This
configuration is similar to BCDI, but the use of operational amplifier (opamp) based
reset integrator provides output buffering. this pre-amplifier Converts the detector
current to voltage through an integration process Fig. 2.31 [25],[75] .
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Figure 2.31: CTIA pre-amplifier circuit

Before going forward to the next type of pre-amplification, structure of readout circuit
based on mixing the two first type of pre-amplification will be discussed. Generally,
The IRFPA (Infrared Focal Plane Array) readout architecture is illustrated in Fig. 2.32.
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Figure 2.32: Readout architecture [4].

Every active pixel in a column shares an optically isolated reference blind bolometer
and an integrator to prepare column parallel readout. The bolometer bias signals are
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shared in a row and blind bolometer is used as a reference bolometer. The column par-
allel readout is a good combination between pixel parallel and serial readout in terms
of circuit layout and operational speed. The pixels in each row are integrated simultan-
eously (one row at a time) and then serially readout in a rolling line using the column
multiplexer.

The readout circuit is based on the commonly used capacitive transimpedance ampli-
tier (CTIA) where the detector is biased by a constant voltage and the current difference
between the active and blind bolometers is summed with an integrator. The CTIA con-
figuration with bridged reference and active bolometers is suitable for highly resistive
bolometer detectors because of the high output resistance of the direct injection biasing
circuit [75].Fig. 2.33 shows the readout example pre-amplifier schematic circuit which
is commonly used for resistive types of bolometers.
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Figure 2.33: Simplified schematic of a preamplifier circuit called capacitive transimped-
ance amplifier (CTIA), which is commonly used in the readout circuits of the resistive
uncooled detector arrays [75].

The detector bias in the CTIA pre-amplifier is using a p-channel CMOS transistor M,;,
acting as a direct injection transistor. One terminal of the array pixel is at the pixel ref-
erence potential pix,.r, and the other terminal of the array pixel is at a potential which
is one source-to-gate Vs potential higher than the applied pixel bias voltage pixy;ss.
Since the change in the detector current is slightly small as compared to its DC level, so
the change in the source-to-gate potential of the direct injection transistor is providing
a stable bias voltage to the array pixel.
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The DC portion of the detector current is cancelled by using a reference pixel, which is
biased similar to the array pixel, but in reverse polarity. To bias the reference pixel in
reverse polarity, an n-channel CMOS transistor is used as a direct injection transistor.
The reference bias potential refy;,s and reference potential ref,.r for the reference pixel
are adjusted so it can sink the DC current of the array pixel before entering the CTIA
circuit. The negative input of the opamp follows the DC potential at the positive opamp
input terminal making the input stay at the signal ground with zero input impedance.
Therefore, theoretically the entire infrared induced detector current is integrated in
the integrator without any loss in the gain [75]. For implementation and analysing
of this model, The ROIC structure that is mentioned in Fig. 2.33 , dummy detector
model and transmission gates for switching are used . Transmission gate (TG) has
a better threshold voltage and higher switch resistance. Fig. 2.34 shows The circuit
of the bridge type pixel readout with TG and dummy detectors. It is based on the
CTIA topology in which the detector is biased by a constant voltage and the current
difference between the active and reference branches is summed with an integrator.
PMOS and NMOS transistors are biased in triode region as a dummy detector and
blind bolometer respectively [4]. The readout sequence follows bellow structure. The
INT signal is set for controlling the transmission switch in the reference bolometer
branch (M3 and M4) before integration starts. This provides a ground path for C;yt
resetting the Vinyr output to VDD. Next stage, the RS[X] (row select) is set to enable
the active pixels via (M1 and M2) of row X. Row select addresses are set by row
decoder (set EN signal on Decoder). This enables the corresponding active pixels and a
difference current lyirr = Ipoto — Ipiina is generated. At the end of integration period, the
voltage on Vit node represents the change in detector resistance and is read out. The
CTIA configuration with bridged reference and active bolometers is suitable for highly
resistive bolometer detectors because of the high output resistance of the direct injection
biasing network. If we neglect the effect of bulk-to-source in the biasing transistors (M2
and M3), the output resistance of the biasing network (R,yt) is :

Rout - (ngVdslrdSZ)"(gm3rds3rds4) (2'1)

where, g3 are the input transconductances of the PMOS and NMOS biasing
transistors (M2 and M3) and 74 _4 are the intrinsic darain-to-source resistances of the
transistors M1 to M4 in the biasing network.R,,; is much higher than the detector
resistance rdsl and rds4 (drain-to-source resistances of the dummy detectors). The
high output resistance reduces the contribution of op-amp/integrator input noise
current to the detector input noise current which makes CTIA suitable for using.
However, the current responsivity of the detectors biased with the direct injection
transistors is decreased as a result of negative feedback; a small decrease in the detector
resistance upon incident radiation increases the detector current which, increases the
gate overdrive voltage of the direct inject transistor and causing a small signal voltage
drop in the actual detector bias voltage. This drop in detector bias leads to lessen
the current increase, decreasing responsivity of the detector. It should be noted that
maximum responsivity does not necessarily result in minimum NETD which is the
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indication of maximum detector performance.
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Figure 2.34: ROIC signal chain including the pixel and column circuits.

The readout operation is controlled by INT and RS switches implemented as transmis-
sion gates enabling pulsed bias operation as seen in Fig. 2.34 The active and blind de-
tector biases are set by the V,;i;s and V4,5 signals using the direct injection transistors,
respectively. The small signal current resulting from the resistance change of the active
pixel due to IR heating can be shown by changing the V, signal. This example shows
the combination principle of the two first methods for readout circuit(BCDI+CTIA) [4].
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3)Wheatstone bridge differential amplifier (WBDA), pre-amplifier structure uses a
wheatstone bridge. Differential detector biasing circuit followed by a low noise
differential pre-amplifier and an integrator circuit. The detector voltage is sensed by
a differential amplifier. In this configuration, most of the errors coming from PVT
variations(includes process, voltage and temperature (PVT) variation effects of circuit)
and self-heating are cancelled out. The output is filtered and amplified through the
integration circuit . This configuration require both optically isolated and thermally
shorted so detectors which is made by this approach is complex to implement thus there
is limited applications which are using WBDA. this approach converts the detector
voltage to current with a low noise differential pre-amplifier [70].
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heat R heat
Sinked ref Sinked
bolometer bolometer

Integrator ——0Out

optically
% shielded ?
reference yd
bolometer Bolometer

Thermally shorted

Low
bias

Figure 2.35: WBDA pre-amplifier circuit

4)Constant current buffered direct injection (CCBDI), Unlike previous approaches,
CCBDI uses constant current biasing. this configuration converts the detector voltage
to current with a low noise differential pre-amplifier. Constant current biasing has the
advantage of increased responsivity and improved linearity. By using constant current
biasing , it is necessary to use a transconductance amplifier to convert the detector
output voltage to current before an integrator circuit. the main challenge of the CCBDI
is that the design of low noise and stable current sources is difficult [13].
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Figure 2.36: CCBDI pre-amplifier circuit

2.5 Preamplifiers for the Diode Type Microbolometers

Diode type uncooled microbolometers use forward biased p-n junction diodes instead
of high TCR (Temperature Coefficient of Resistance) resistors as temperature sensitive
elements. Since the I-V characteristics of the diode type detectors are exponential,
readout circuits that read the detector current upon voltage bias are not suitable [43].
In the constant voltage biasing, a small variation in the bias voltage may cause a large
variation in the detector current, increasing the non-uniformity of the array. The bridge
type circuits are also not practical due to the non-linear I-V characteristics of the diode
type detectors. Furthermore, the diode type detectors have both less temperature
sensitivity and reduced impedance compared to the resistive and capacitive devices.
Therefore, the noise level of the corresponding pre-amplifier should be very low, which
is quite difficult to implement in CMOS technology. There are two types of diode
FPAs: SOI diode (silicon on insulator) and n-well diode FPAs. The first FPA uses
gate modulation integration (GMI) circuit, and second FPA uses differential buffered
injection-capacitance transimpedance-amplifier (DBI-CTIA) circuit [65-68].
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2.6 Readout Integrated Circuit example works

Infrared focal plane arrays have a wide range of industrial, military, medical, and
scientific applications. A high performance readout circuit of IRFPA should have a large
dynamic range to increase the maximum charge storage capacity. In order to achieve
this requirement, a large integration capacitor should be used, which contradicts with
the small pixel area and high resolution requirements. Some techniques will be used
to achieve this feature like direct-Injection (DI) pixel cell structure with only four
MOS transistors and provides four different readout sequences to enlarge the range of
system application or make a wide dynamic range (WDR). Usually, there is a build-
in temperature sensor to detect the temperature of the chip for shutting down the
process in case of intolerable temperature. Fig. 2.37 shows typical example of schematic
diagram of the ROIC (in this case for 128x128 pixels)[10, 78].
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Figure 2.37: Block diagram of the ROIC [85].

Usually, the logic circuit generates all internal control signals, this can minimize the
applied external signals to the ROIC part which has only two input signals, one is
the main clock (CLK) and the other is INT (variable integration time function). A
synchronous sequential circuit uses clock signal and level inputs (or pulsed) (with
restrictions on pulse width and circuit propagation). The output pulse is the same
duration as the clock pulse for the clocked sequential circuits. So these two signals
by using logic circuit produce other necessary signals. Row select circuit provides the
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row addressing clocks and the row readout sequence. Column select circuit has the

same signals. The outputs of pixel cells at the same column are connected to their

column buses. The column addressing clocks multiplex the output analog signals of
the column amplifiers to the output buffer. The voltage of column bus is V. and keeps
constant during pixel charge is transferred to column amplifier. Generally, the ROIC
chip has a build-in temperature sensor for monitoring the temperature of the device.
As we can see the main amplifier is out of the pixels or it can be used for each column.
In this work, we designed the Pre-amplifier in-pixel so there are more possibilities such
as noise improvement and speed rather than conventional ROIC [9].

The common ROIC schematic is represented in Fig. 2.38 it uses a direct injection input

circuit designed to have large integration capacitor [33, 54].
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Figure 2.38: Schematic diagram of ROIC [85].
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The pixel circuit includes only four transistors (4T). According to the picture the de-
tector current flows through the transistor M2 and charges up the integration capacitor.
The bias of detector can be adjusted by the low voltage level of signal Incharge. Integra-
tion time is controlled by the input signal INT. M1 is a test transistor used to simulate
the detector for testing of the readout chip. M3 transistor is used to reset the pixel for
beginning of the new frame. Also All M2 gates in the column are driven at the same
time for snapshot operation mode. M4 is an addressing transistor. All the transistors
M4 of the same row are driven together by the clock LSEL(i). Fig. 2.39 shows an ex-
ample ROIC circuit schematic.

Various type of ROIC circuit design topology is used for different IR systems and
purposes. Modern IR imagers are developed by variety of methodologies. Several
approaches are considered for demanding applications in terms of high speed, low
power, and ultra-low noise. For example improving process of the electrical signal and
speed to stream-out video signal. The choice of detectors depends upon wavelength of
interest, quantum efficiency, noise, and cooling requirements specific to the application.
While, the majority of ROICs are fabricated with CMOS technology so they are compact
Jow power, and have an integration capabilities [39].

Fig. 2.39 Shows different pixel readout circuits examples, (a,b) 3T and 4T , (c) Global
shutter pixel for moving objects with fixing time lag between columns , (d) pixel share
structure.
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Figure 2.39: different ROIC typologies, (a,b) 3T and 4T , (c) global shutter, (d) shared
pixel [39].
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2.7 Summary and proposed circuit solution

In recent years, much research has focused on uncooled infrared (IR) imaging systems
[20, 56, 62]. These systems have small pixel pitches usually (< 25um) and require power
effciency, low noise equivalent temperature difference (NETD) (< 50mK) and adequate
scene dynamic range (> 200K).

Alow NETD demands excellent readout noise performance which becomes a challenge
if noisy analog circuits are to be implemented off-pixel. This is because long metal in-
terconnects commuting analog signals. Also noise cancellation circuits that can be an
additional power and area overhead. Moreover, high readout dynamic range also re-
quires adequate performance on multiple fronts.

In addition to circuit imperfections such as offset and noise, self-heating of the micro-
bolometer detector also makes the required dynamic range unnecessarily large, result-
ing in a higher power consumption and potential complexities in the readout circuit
chain. As a result, achieving a low NETD and a large readout dynamic range becomes
a challenge with power and size constraints. Low noise performance could be achieved
with a pixel-parallel readout architecture in which the digitization takes place inside the
pixel. However, with a small pixel pitch, this approach severely limits the achievable
design size of digitization circuitry. Fig. 2.40 shows traditional IRFPA and microbolo-
meter structure.
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Figure 2.40: Structure of microbolometer uncooled IRFPA and its pixel. Lower right
tigure is a cross section of a pixel, showing microbridge structure fabricated over
readout circuit.
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By using advantages of the sequential 3D circuit implementation, realization of the
readout circuit for a small pixel pitch is possible. The main challenge for the small pixels
with size of (< 17um [45]) is designing a pre-amplification circuit for each pixel which is
possible by the mentioned technology in two transistors layer (top tier and bottom tier).
Special TIA (transimpedance amplifier) is designed to fulfill the pixel size criteria. Our
main design is limited to simulation and most of the works are focused on designing of
different parts of the circuit such as: amplifier, decoder, current sources and making an
example 4x4 ROIC. For this matter Layout of the circuit is important regarding to the
fitting to the pixel size. Usually, transistor sizes don’t take so much places but capacitor
and resistors, so we need to use as much as possible small size of these elements in
order to reduce the size of the circuit as long as keeping the functionality of the circuit.
The proposed circuit has a better noise performance, and it can keep self heating due
to added in-pixel circuits under control(By using more TIA in each pixel, we will use
more energy and as a result heating but by reducing noise , we don’t need to design
some extra circuits as noise cancellation). Also the long signal connections in more
classical ROICs are partially avoided and if not avoided then at least further away from
the sensor in implementation phase.
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Figure 2.41: proposed TIA circuit with offset compensation for in pixel amplification.
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Chapter 3

Implementation

3.1 Bolometer sensor characterization

In this work, we design TIA circuit for the a-Si-based micro-bolometers with
shared-anchor structure Fig. 2.13 and 2.14 [44]. The thermal simulation is performed
with the assumptions of ambient temperature, vacuum condition and the irradiated
IR power condition of 2:—% [45]. Fig. 3.1 shows the thermal response simulations of
the conventional micro-bolometer design with various pixel sizes. If the pixel design
is maintained, the short thermal conduction paths at small pixel sizes lead to very
low responsivity. In addition, small pixel size requires more sophisticated design
with regard to resulting mechanical and electrical characteristics. For an effective
pixel design with high fill factor, the anchor and leg areas should be minimized as
these spaces contribute to low thermal resolution by reducing the IR absorption area.
Therefore, it is necessary to develop a new pixel design and fabrication process for
small sizes and high performance. The efficient way to use these spaces is shared-
anchor structures for developing costeffective micro-bolometers for various mobile
applications.
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Figure 3.1: Thermal response simulation of conventional microbolometer design with
various pixel sizes: from 45 to 17 um [45].
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By redesigning of the bolometer structure, the transient thermal response depends on
the leg length, number of legs, and fill factor changes. The membrane temperature is
determined by the leg design and Design 2 reaches the highest temperature under the
same incident IR power as shown in Fig. 3.2 as we can see for 17 pm bolometer, using
three different structure results in different response by keeping the same size. three

structures are : Unshared 2 anchor , Design 1 (shared 2 anchor) and Design 2 (shared 4
anchor).
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Figure 3.2: Transient thermal response simulation results of three designs (IR power :
200% ) 145].
pum

Fig. 3.3 shows transient characteristics of various design under 0.5V bias and thermal
time constants for each design. As we can see from Figure, resistance value changes

from 500K() till 400K() approximately.

15606

13E-06

LIE-06

90607

Current|A]

70807

5.0E-07

——current

—es

30807

~—

10807 a
0 0.02

0.04

006 008 01

Time [sec]

012

10E106

9.0E405

A0FH05

7.0EH05

stnace |ohm]

608105 §

5.0E405

406405

205405

1.5F-08

1.3F-08

1.IF-06

9.0e-07

7.0R-07

Current [A]

2.0F-07

30F-07

1.06-07

1.0F+08

—

FOFH5

BOFHS

7.0E+05

—Ros

—cument,

GOFH05

N—e

006 0.08 01

Time [sec]

002 001

ANFHIG

ANFHS

3.0E+05
0.12

Reslstance [ohm]

1.5F-08

1.3F-04

LIF-06

90E-07

Current [A]

7.0F-07

2.0F-07

A0F-07

1.0E-07

1.0F+04

———

9.0F+05
A.0F+05

7.0E+05

—cument

—Rocs

A.0F405

Resistance [ohm,

~—

006 008 2]

Time [sec]

002 004

A.0F05

ADFHIS

3.0B+05
012

(a) 2anchor design

(b) Shared design 1

(c) Shared design 2
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3.2 Transimpedance amplifier

A transimpedance amplifier (TIA) is a current to voltage converter. TIA presents a
low impedance to the Pixel and isolates it from the output voltage of the operational
amplifier. In its simplest form TIA has just a large valued feedback resistor, Ry. The
gain of the amplifier is set by this resistor and because the amplifier is in an inverting
configuration, has a value of —Ry. Fig. 3.4 shows a simple TIA configuration [52].

Ry

- Vout

Figure 3.4: Simplified form of transimpedance amplifier

There are several different configurations of transimpedance amplifiers, each suited to
a particular application. The one factor they all have in common is the requirement to
convert the low-level current of a sensor to a voltage. The gain, bandwidth, as well as
current and voltage offsets change with different types of sensors, requiring different
configurations of transimpedance amplifiers. For our design parameter, it is important
for amplifier to cover full swing of input current while the size is limited to the pixel
size.

In the circuit shown in Fig. 3.5 the bolometer (shown as a changeable resistor ) is con-
nected between constant voltage source and the inverting input of the op-amp. The
other input of the op-amp is connected to ground which makes the invertering ther-
minal virtual ground. The gain of the opamp depends on the feedback current through
Ry. The DC and low-frequency gain of a transimpedance amplifier is determined by
the equation:

o Ii — Vout Vout

Yout Zout _ R
Rf/SO; L f
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If the gain is large, any input offset voltage at the non-inverting input of the op-amp
will result in an output DC offset. An input bias current on the inverting terminal
of the opamp will similarly result in an output offset. To minimize these effects,
transimpedance amplifiers are usually designed with field-effect transistor (FET) or
Complementary Metal Oxide Semiconductor (CMOS) input opamps that have very low
input offset voltages [27, 38, 53].

A TIA employs negative feedback to create a low input impedance. So it is the most
essential current signal measurement tool for light sensing related operation. The
feedback capacitor Cy is usually required to improve stability. The principal difference
is that [;, sees a low impedance in Fig. 3.5 (a) and a high impedance in Fig. 3.5 (b). The
virtual ground introduced by the TIA provides potentially a greater bandwidth and
reduces nonlinear large voltage swings across it [63]
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Figure 3.5: (a) Simplified form of transimpedance amplifier structure and (b) use of a
resistor to convert current to voltage.

For microbolometer, low noise performance could be achieved with a pixel-parallel
readout architecture in which the digitization takes place inside the pixel [77]. But for
in-pixel design, we need right technology to match the size of layout to the pixel size.
Designing such pre-amplifier at this size and properties is possible by using 3D circuit
design in cadence in two tiers. By this technology 3D CMOS designs where transistors
are no longer restricted to just a 2D plane, but can be stacked on top of each-other.
In contrast to ‘parallel” 3D integration that stacks several 2D wafers on top of each
other using relatively huge and few vertical connections between the tiers, 'sequential
3D integration” builds the CMOS tiers on a single substrate using photolitography.
This way, the density of vertical connections is of the same order of magnitude as the
horizontal connections in 2D. So transistors of a circuit module can be placed freely
in any tier with no significant disadvantages. This offers new opportunities to make
tiers with different types of transistors and thus to make circuits that include different
types of transistors, e.g transistors that are optimized for the digital signal domain in
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one and transistors that are optimized for the analog signal domain in another tier. So
mixed signal circuits can be designed with highly optimized components. Optimized
devices are not the only advantage though. In general, due to 3D placement the total
interconnect wiring will be reduced enhancing speed and power efficiency. A very
obvious example for this are systems-in-cube with a 2D sensor arrays integrated. When
a 2D sensor array can have one or several connections per pixel connecting it to a next
integrated CMOS tier, no sequential read-out of the pixels is necessary, reducing the
signals’ travel distances enormously resulting in power savings and noise-reduction.
Fig. 3.6 shows Vision of a two tier(28nm transistors in bottom tier and 65nm transistors
in top tier) 3D smart sensor interface, as it would also be suitable as a ROIC for a micro-
bolometer [2].
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Figure 3.6: Vision of a two tier 3D smart sensor interface, also it is suitable as a ROIC
for a micro-bolometer[2].

Our design aim is to use minimum amount of passive elements such as resistor and
capacitor in the circuit for saving an area in layout. The gain of inverting configuration
in operational amplifier is calculated below. Fig. 3.7 shows an inverting opamp
configuration. As it is clear the higher Ry cause the higher gain while R;;, is changing
between 500k() till 400k [45]. So for having enough gain , we should choose higher
Ry. But actual resistor in layout takes so much places and can be challenging when
our design has a size limitation. (R;, is bolometer resistance which is changing by IR
incident.)

_ Vout o Rf

A _J
? Vin Rin
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V Change with IR +

in
Constant Vout
v ov v

Figure 3.7: Inverting configuration of operational amplifier.

3.21 Opamp Design

For designing an operational amplifier, we used combination of differential pair, active
load and current mirror. Fig. 3.8 shows the simple design of opamp by using active
load and differential pair. default transistor size for bottom tier is (total gate width
80nm and gate length 30nm) and for top tier is (total gate width 89nm and gate length
67nm).

+Vdd

&
1y
T gt

“’"‘4{ [_:ol Qz:_] ~Vin

Ibias

Figure 3.8: typical differential pair and active load combination as an Opamp.
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In stead of ideal current source , we use current mirror (as on chip current source).
For getting the ?' ratio, we use variable width while keeping the length as a default
and running the simulation to get the full voltage swing (proposed design is used
W=800nm and L=67nm). The proposed Opamp is designed for top tier transistors.
As we don’t have some passive elements on top tier so we try to send all transistors
to the top tier and placed other elements on bottom tier as shown in Fig. 3.9 (passive
elements connected between V;,,_ and V,,; as mentioned they are in the bottom tier,
while Vj,, | is connected to the 500mV voltage source in the test bench model Fig. 3.11).
Current source for supplying current mirror must has enough current for covering full
supply voltage swing. (For the layout size consideration, transistors size keep the same
for current mirror)

+Vdd

Q3 | ‘ Q4

+Vout

+Vdd
- +Vin [;:OJ 02:;J‘ -Vin
Qs } I[;Qﬁ

v

Figure 3.9: Top tier Opamp design.
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3.2.2 Measurement

Microbolometer Resistance changes from 400k() till 500k(2 [45]. In Fig. 3.10 by applying
-10 volt to the Bolometer (or -9.5v to inverting and +500mv to non-inverting pins, and it
is not transistors supplying voltage) so the current will change between 20u A till 254 A
by changing bolometer resistance. Injecting DC offset current to the inverting input will
add DC voltage to the intended output signal which is desirable in this case for fully or
major covering of supplying voltage Vpp (here is 1 volt). Injected current is the average
of minimum and maximum current which is going through the bolometer 22.5u A.

Bottom tier 100fF ..
v  vdd=2v { % B
. ‘
Offset compensat}bn— C e 4 Bottom tier
22.5 uA —/\/\/\/_
\\\ R=20K
400k-500k Ohm
> - Vout
Bolometer 20-25UA
-9.5Vv +
500mV A
Top tier

Figure 3.10: TIA with DC current offset compensation designed in different tiers.

For measuring the functionality of the TIA, the test bench is designed. Fig. 3.11 and
3.12 show the test best and DC simulation result. As we can see from Fig. 3.12 V,; is
following almost full swing supply voltage by changing bolometer resistance Ry;, from
400k till 500kQ) [45]. Real passive elements also used in the circuit simulation for see
how the circuit behaviour is closed to the reality. For resistor nwres(nwell resistance)
and opppcres (p + op poly p) also for capacitor egncap is tested. In addition ideal DC
cancellation current source is replaced with designed current source in the bottom tier
to produce the supplying current almost on chip (for matching and implementation
problems in real circuit, a potentiometer is used out off-chip to adjust the current to
exact value).
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350.0 3
300.0 3
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200.0 3
150.0

-9.5V

100.0 =

400.0

Design current source with
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replaced

Offset compensation
22.5 A

400k-500k Ohm

-

Using real elements instead

of ideal ones

Bolometer 20-25UA

Rpix variable

resistor
500mV

Top tier

Figure 3.11: Test bench for measuring TIA parameter.

410.0 420.0 430.0

440.0 450.0 460.0 470.0

Rpix from 400k — 500k Ohm

480.0 490.0 500

Figure 3.12: Output voltage based on bolometer resistance changing from 400kQ) till
500kQ).

As Fig. 3.12 shown, the output is not fully follow the supplying input (From Ov to 1V).
It is close to the full swing but with some limits to linearity and cutting off above 0V
mainly. Mismatching in transistors leads to non-linearity also as opamp input voltage
goes above or under the certain amount (V,,r which is the voltage of non-inverting pin)
the output goes to saturation and can not follow the input voltage.
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3.3 Current source/sink

Current sources are one of the most important components in Analog Circuits. There
are two main current sources used in this work. One in the Opamp configuration design
and other for DC cancellation current. Usually, off-chip resistor is used to get a master
bias current. An on-chip structure design is effected by process variation (mismatching
between transistors and fabrications tolerances) can lead to the actual current to be
quite different from what is simulated. This is important as we can not change anything
in the post-production.

When a source of current flows from the highest positive potential (Vpp) into a load it is
designated a current source while when the source of current flows from the load to the
ground, it is designated a current sink. Current sources use off-chip potentiometer to
adjust the precised current. Fig. 3.13 shows the topology design of current source/sink
supply. In simulation, the width of transistors set as variable to get right current amount
by swing it, while the off-chip resistor is set to calculated current. Fig. 3.14 shows the
simulation result.

+vdd

| R=16.667K ohm
can be set by
potentiometer qu|

Off Chip
adjustment

Current sink

Q3 ;] I Vbias =400mV I [;Qfl

Vbias=600mV liqz

R=16.667K ohm " [ ™
* Current source

can be set by
potehtiometel’;’:
off Chip |
adjustment

\j

2
i
R

v

Figure 3.13: current source designed.
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Figure 3.14: simulation result of current source for different transistor width.

3.4 Decoder

Generally, implementation of decoders occupy more space on chip. A conventional 2-4
decoder can be designed using two inverters and four AND gates which totally com-
prises of 28 transistors. Fig. 3.15 shows decoder at the gate level.

The transistor layout sizes can be reduced by using new mixed logic which uses Pass
Transistor Logic (PTL) and Transmission Gate Logic. Usually, PTL has higher speed
and occupies less area on the chip by applying the inputs directly to the MOSFET Tran-
sistors [71, 84, 86]. Transmission gate logic designs used NMOS and PMOS transistors
that are connected as a parallel pairs where as the pass transistor designs uses indi-
vidual either PMOS or NMOS transistors.

Logic Diagram Truth Table
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J % J 1 Dﬂ‘ 0 n [V I | ] 0 i
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Figure 3.15: decoder gate level diagram.



In this work , we represented three types of decoders. But before explaining these three
methods, some CMOS configurations will be defined. Fig. 3.16 shows "AND gate" and
"OR gate" implementation with Transmission Gate Logic and Dual Value Logic.

X+Y

Voo
(@ (b) (©) (d)
Figure 3.16: (a,b)Transmission Gate Logic for & , || - (c,d) Dual Value Logic for & , ||.

Decoder type 1 used a standard AND and NOT gates with CMOS design(AND gate
uses 6T, NOT gate uses 2T). Fig. 3.17 and 3.18 show the decoder structure and
simulation result.

B A s G e
\o— 4 — -

+vdd +vdd

Figure 3.17: 2 to 4 line standard decoder (28-transistors).
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Figure 3.18: Simulation result for 2 to 4 standard decoder with 28T.
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Decoder type 2 used mixed logic design technique, which is a combination of PTL, and
DVL logic, we can get decoder module with minimum layout and low power consump-
tion with a good performance. Fig. 3.19 shows the fundamental digital logic gates with
14 transistors for the 2 to 4 decoder. Transmission gate logic (TGL gate for D1 and D3)
and Dual value logic (DVL for D0 and D2) is used beside a CMOS inverter. Fig. 3.20
shows the simulation result for 2 to 4 decoder with 14T. There are some glitches in the
output waves as a result of propagation delay is not zero or do not have an equal delay
for inputs or rising and falling time of input waves.

+Vdd +Vdd

>
|
=]
@|

0.0 1.0 20 30 40 50 6.0 7.0 8.0 2.0

Time (ms)

Figure 3.20: Simulation result for 2 to 4 decoder with 14T.
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Decoder type 3, used 2 inverters with PTL configuration and 16T. Fig 3.21 shows the 2
to 4 decoder with 16T and Fig. 3.22 shows the simulation result. Some glitches exist in
the output waves also.
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Figure 3.21: 2 to 4 line decoders (16-transistors).
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Figure 3.22: Simulation result for 2 to 4 decoder with 16T.

62



The structure of decoder for selection an addressed pixel in 4x4 pixel size is shown in
Fig. 3.23

C30 C51 C52 C53

/ 0

R51

Row TIA TIA TIA TIA
addressﬁ%

TIA| |TIA] [TIA] [TIA

R52

Decoder
2x4

TIA| |TIA| |TIA] |TIA

R53

TIA TIA TIA TIA
Decoder
\ 2x4 /

Colunm
address

Figure 3.23: Decoder structure for selecting the addressed pixel.
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3.5 Proposed Readout Integrated Circuit

Different read-out architectures are used to read pixels of an uncooled microbolometer
FPA. These are classified as pixel-wise, column-wise, and serial readout architectures
[19]. Fig. 3.24 shows Pixel-wise readout architecture for an N by M microbolometer
array, where N is the number of columns and M is the number of rows. D, A, and
I represent the detector, amplifier, and integrator, respectively. in this topology, each
detector requires its own amplifier and integrator in pixel-wise readout. The detector
resistance changes in all pixels can be amplified and integrated simultaneously with
this configuration which results in low read-out bandwidth, therefore, the total noise
voltage decreases. Also, the close placement of amplifiers to the detectors reduces the
effect of interference in wire connections. This architecture is not preferred due to
several reasons. Firstly, the total area for an amplifier and integrator pair is limited
by the pixel area which is relatively small. Secondly, this architecture suffers from high
power consumption due to the large number of amplifiers and integrators that work in
parallel[19].

e H> = e HA e

2 [ o [ |

w P HA A PH

Figure 3.24: Pixel-wise readout [19].

The other type of architecture is the serial readout that is illustrated in Fig. 3.25 [19].
In this architecture, all the pixels are read out one by one, therefore, there is only one
amplifier-integrator. Although it is compact in layout and it is power efficient, the
main disadvantage of this architecture is that the bandwidth of the circuit is very high
resulting in higher total noise voltage. Also, this architecture has low frame rates since
each pixel is integrated and then read individually.

The last and the most widely used architecture is column-wise readout as illustrated in
Fig. 3.26 [19]. This architecture is more practical than pixel-wise architecture since the
read-out circuit area is not limited by the pixel area. Also, less number of amplifiers
and integrators are implemented in this architecture; therefore, the total layout area
and power consumption may not exceed the limits. In column-wise architecture,
detector signals are read via row by row. In some cases, single readout channel may be
shared by multiple FPA columns. This may be needed to decrease the average power
consumption and total noise contribution of the readout channel since larger transistors
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Figure 3.25: Serial readout.

can be implemented.
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Figure 3.26: Column-wise readout.

This work is based on the designing of pre-amplifier with pixel-wise readout topology
which has a lot of implementation limits specially with new pixel sizes, usually less
than 17um. Two types of pre-amplifier is designed and tested. Also layout size is eval-
uated for both amplifiers for adapting the design under each pixel.

By using the new 3D design process tool, in-pixel implementation of the pre-amplifier
is possible. A ROIC also is designed for selecting the pixels with buffer and current
amplification so the bolometer signal goes directly to the Trans-impedance amplifier
(TIA) for pre-amplification which is followed by a source follower buffer then column
and row selection (decoder) choose the cell to send the signal on the column bus of the
ROIC. Fig. 3.27 shows the proposed ROIC diagram based on the pixel-wise design.
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Figure 3.27: Proposed ROIC schematic.

A source follower (common drain) configuration is use as buffer with infinite current
gain and approximately, voltage gain of one. The output of SF is lower than input with
one Vs for nfet source follower(Fig. 3.28). So the output shifted down by nfet SF and
the result lift up by the readout output pfet SF (which has mirror effect of nfet). As
we expect the final output readout will be from approximately 500mv to 800mv volt.
Fig.3.29 shows the readout output result.
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out

out

Figure 3.28: Variation of Vout with Vin for nfet source follower configuration.

Also the bolometer resistance is set for each pixel between 400k( till 500k() (divided in
to 16). Vpiss1 for nfet is 400mV and Vj;,p for pfet is 600mV. For generating decoder
signal, pulse generator is used. Two for column decoder with values of 20ms and
10ms and two for row decoder with 80ms and 40ms. The transient analyse is run for
320ms. In the actual readout circuit, the clock signal apply to the logical gates which is
producing the decoder addresses instead of using pulse generators.

1.05 =
10 =
0.85 =
09 =

0.85 =

Output Voltage (mV)
I

[ T T T T T T T T T T T T T T T | T I T I T I T I T | T I T I T 1
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0 2200 240.0 260.0 280.0 300.0 320
time (ms)

Figure 3.29: Simulation result of the ROIC with PTL decoder and 22.5uA DC
compensation.

As Fig.3.29 shows, the output has many glitches with the same value for 6 or 7 pixels
around 500mv which makes them not readable precisely. This output is a result of using
Pass Transistor Logic (PTL) in decoder structure. In real logic, gates have a nonzero
propagation delay resulting in spurious transitions or glitches (dynamic hazards). For
reducing glitches, standard AND gate structure is used for decoder. The result is shown
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in Fig.3.30.

9000
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time (ms)

Figure 3.30: Simulation result of the ROIC with standard AND gate.

By adjusting DC offset current for each amplifier, we can set the amount of shifting
up or down for SF nfet and pfet. Fig. 3 .31 shows the output result when the DC
compensation is 21.5 yA.
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Figure 3.31: Simulation result of the ROIC with Standard AND gate and adjusting DC
offset current (21.5uA).
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Chapter 4

Layout

For the Layout, pixel size is limited to 17um [45] in our work. For comparison purpose
top tier and bottom tier TIA layout drew. As Fig. 4.3 and 4.4 show the difference
result, top tier layout width is bigger by 3 to 4 ym. Some layout techniques are used
to reduce mismatching and noise specially in amplifier design. Poor matching can
result in non-idealities like amplifier offset, non-linearity and gain error. Common
centroid layout techniques is widely used to minimize the effects of the linear gradients.
Process gradients are systematic variations of a parameter over the wafer. Most process
parameters are effected by process gradients. For example, the oxide thickness may
vary systematically from one side of the wafer to the other. Similarly, for a transistor
the threshold voltage may have a systematic variation.

Also using poly dummies to make sure matching elements see the same surroundings.
Totally, we can say that The guard ring and diffusion (OD)/poly (PO) dummy improve
the performance of MOSFET circuit [15]. For the top tier, metal layers M5 and M6 is
used while for the connection of top tier to bottom tier via farming implemented instead
of using single via, this can reduce the via’s resistance and make better connections.
Fig. 4.1 shows Differential pair core of the Opamp common centroid with dummy poly
and guard ring.

Fig. 4.2 shows the 2 to 4 decoder layout with 16T.

Fig. 4.3 shows top tier TIA layout which is placed under each pixel (with passive ele-
ments on bottom tier).

Fig. 4.4 shows bottom tier TIA layout.
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Figure 4.1: Differential pair core layout using ABBA configuration for pair transistors.
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Figure 4.2: 2 to 4 decoder layout.
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Figure 4.3: Top tier TIA layout.
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Figure 4.4: Bottom tier TIA layout.
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Chapter 5

Conclusions

Pixel-wise readout configuration is implemented and functionality of this method by
using TIA for each pixel is tested on 4x4 pixels array. Other parts of the readout
(decoder, current sources, buffers) are designed and tested separately and within the
ROIC. Although we have some glitches (related to the logical gates functionality)
in the final result temperatures of 300K (26°C) to 370K (97°C) degrees would be
reflected in an output voltage between 500mV and 850mV with adjusting DC current
compensation. there are no statistical mismatch models for the top tier for doing Monte
Carlo simulation, so that’s a problem of the cadence tools. The Layout size is matched
for each pixel with a good available place left for pixel at the size of 17um [45].

As for future work , updating logical circuitry for generating decoder addresses with a
clock as a system input, also building an ADC and memory cells as a digital storage at
the pixel level is recommended.
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