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Abstract

Due to the increasing demand for 3D vision systems, many efforts have been recently concentrated to
achieve complete 3D information analogous to human eyes. Scannerless optical range imaging systems
are emerging as an interesting alternative to conventional intensity imaging in a variety of applications,
including pedestrian security, biomedical appliances, robotics and industrial control etc. For this, several
studies have reported to produce 3D images including stereovision, object distance from vision system
and structured light source with high frame rate, accuracy, wide dynamic range, low power consumption
and lower cost. Several types of optical techniques for 3D imaging range measurement are available in
the literature, among them one of the most important is time-of-flight (TOF) principle that is intensively
investigated. The third dimension, i.e. depth information, can be determined by correlating the reflected
modulated light signal from the scene with a reference signal synchronous with the light source
modulation signal.

CMOS image sensors are capable of integrating the image processing circuitry on the same chip as the
light sensitive elements. As compared to other imaging technologies, they have the advantages of lower
power consumption and potentially lower price. The merits make this technology competent for the next-
generation solid-state imaging applications. However, CMOS process technologies are developed for
high-performance digital circuits.

Different types of 3D photodetectors have been proposed for three-dimensional imaging. A major
performance improvement has been found in the adoption of inherently mixing detectors that incorporate
the role of detection and demodulation in a single device. Basically, these devices use a modulated
electric field to guide the photo generated charge carriers to different collection sites in phase with a
modulation signal. One very promising CMOS photonic demodulator based on substrate current
modulation has recently been proposed. In this device the electric field penetrates deeper into the
substrate, thus enhancing the charge separation and collection mechanism. A very good sensitivity and
high demodulation efficiency can be achieved.

The objective of this thesis has been the design and characterization of a Current Assisted Photo mixing
Demodulator (CAPD) to be applied in a TOF based 3D CMOS sensing system. At first, the experimental
investigation of the CAPD device is carried out. As a test vehicle, 10x10 pixel arrays have been
fabricated in 0.18um CMOS technology with 10x10 um’ pixel size. The main properties of CAPD devices,
such as the charge transfer characteristic, modulation contrast, noise performance and non-linearity
problem, etc. have been simulated and experimentally evaluated. Experimental results demonstrate a
good DC charge separation efficiency and good dynamic demodulation capabilities up to 45MHz. The
influence of performance parameters such as wavelength, modulation frequency and voltage on this
device is also discussed. This test device corresponds to the first step towards incorporating a high
resolution TOF based 3D CMOS image sensor.

The demodulator structure featuring a remarkably small pixel size 10 x 10 um’ is used to realize a 120 x
160 pixel array of ranging sensor fabricated in standard 0.18um CMOS technology. Initial results
demonstrate that the demodulator structure is suitable for a real-time 3D image sensor. The prototype
camera system is capable of providing real-time distance measurements of a scene through modulated-
wave TOF measurements with a modulation frequency 20 MHz. In the distance measurement, the sensor
array provides a linear distance range from 1.2m to 3.7m with maximum accuracy error 3.3% and
maximum pixel noise 8.5% at 3.7m distance. Extensive testing of the device and prototype camera system
has been carried out to gain insight into the characteristics of this device, which is a good candidate for
integration in large arrays for time-of-flight based 3D CMOS image sensor in the near future.

Keywords- Time-of-Flight, Range camera, Current Assisted Photo mixing Demodulator, CMOS image
sensor.
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Chapter 01

Introduction

1.1 Motivation:

Range-imaging sensors accumulate large amount of three-dimensional (3D) coordinate data from visible
surfaces in a scene and can be used in a large growing applications such as: positioning system,
automobile guidance, security systems, obstacle detection and medical diagnosis. They are unique
imaging devices in that the image data points explicitly correspond to scene surface geometry as sampled
points. A new generation imager is designed to address concerns of compactness, speed and also consider
the power, safety and cost limit of the system.

The importance of visual information to society is measured by the technological endeavour over
millennia to record observed scenes on an independent medium. To capture an image, the electronics in a
3D imaging camera handle a considerable amount of image processing for colour imaging, image
enhancement, compression control and interfacing. These functions are usually implemented with many
chips fabricated in different process technologies. Presently, CMOS image sensor is capable of acting as a
highly intelligent information collector by integrating image processing circuitry on the same chip.

Different types of image sensor design are broadly grouped into two categories: Charge Coupled Device
(CCD) and Complementary Metal Oxide Semiconductor (CMOS) sensor. In CCD, the electric charge
collected by the photo detector array during exposure time is serially shifted out of the sensor chip, thus
resulting in slow readout speed and high power consumption. The key features in favour of the CMOS
image sensor are lower power dissipation, cheaper fabrication, radiation tolerance and the ability to
integrate other electronics in the sensor itself. Pixel size reduction can be achieved with CMOS transistor
scaling but it has traditionally provided inferior image quality when compared to CCD due to noise and
lower sensitivity, although this is improving.
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Fig. 1.1: Block diagram of 3D TOF ranging Imager.



One of the most exciting areas of CMOS imager’s research is the integration of electronics with the
sensor. Integration can be beneficial in two ways -- by integrating system functionally with the imager
and several ICs can be replaced with a single chip camera. This reduces board design complexity and the
cost of the system. These appealing advantages of CMOS 3D image sensors further expand their
applications beyond traditional cameras into several fields such as PC cameras, mobile phones and
automobiles. Fig. 1.1 shows the block diagram of a TOF based 3D CMOS Image Sensor.

The field of 3D optical imaging is based on three main techniques: triangulation, interferometry, and
time-of-flight (TOF), using modulated and pulsed laser sources. All these methods have advantages and
disadvantages and have widely been studied. Optical TOF rangefinders using highly collimated coherent
light sources have been technologically feasible for decades. Such devices measure the distance of a
target by calculating the time of an optical ray requires completing a round trip. Nowadays the field of 3D
vision system is developing TOF based 3D image sensor because of the best performance of this
technique in terms of acquisition speed, reliability and overall cost of the system.

Different types of photonic mixing devices have been proposed which employ the same demodulation
principle, among them photo gate-PMD and metal-semiconductor-metal structures are implemented in
CCD and hybrid CCD-CMOS technology. Other devices implemented in standard CMOS process
technology have also been reported based on the modulation of multiple photo gates and inter-fingered
photodiode structures. To enhance the photo detector properties, new emerging techniques have been
introduced for specific functionality. This improves the device sensitivity, speed, demodulation
bandwidth and allows gaining a large sensitive area. One very promising CMOS photonic demodulator
based on substrate current modulation has recently been proposed; this device uses a modulated electric
field to guide the photo generated charge carriers to different collection sites in the phase of modulation
signal. The electric field penetrates deeper into the substrate, thus enhancing the charge separation and
collection mechanism. A very good sensitivity and high demodulation efficiency can be achieved.

This thesis investigates the optical and electrical characteristics of a novel photodetector. A prototype
imaging sensor is fabricated by using this device and the three dimensional distance measurement is
determined. It is expected that the findings of this thesis can develop the performance of CMOS imagers
and enabled them with the advantages of low power consumption, high integration and lower cost that
can be realized in the imager market.

1.2 Thesis Objectives:

According to the state of art and the distance measurement system, the main concerns of this research is
the realization of a TOF based (prototype) 3D CMOS image sensor which would explore a current
assisted photo mixing demodulator (CAPD) having better performance in terms of the minimum pixel
size, fill factor, maximum modulation frequency etc. The design will be followed by the characterization
of both the developed device and the prototype camera. The main objectives and contributions of this
thesis can be summarized as:

1) Reviewing of the different types of optical techniques and TOF based 3D image sensors.

i) Design and characterization of a CAPD device to be applied in a TOF based 3D CMOS sensing system.
For this purpose, different approaches are investigated. The device functionality is investigated using the
finite element software ISE-TCAD in order to evaluate the capability of reaching the required high
responsivity as well as high demodulation bandwidth of the device. Both DC and dynamic performance
are simulated and optimized to reach the specific optical and electrical characteristics.

iii) To get preliminary idea of the CAPD characteristics, different topological and geometrical structures
are fabricated in a custom technology on the basis of the outcome of device simulation and the
preliminary results. This technology is quite different from standard CMOS process technology, but it
gives initial experience of the device characterizations that allows the simulations to be optimized.



iv) To improve the device performance, a CAPD is fabricated in a standard 0.18um CMOS process
technology and a thorough characterization is carried out including electrical measurement of the test
structures for the process parameters and electro-optical tests of the photo-demodulator. Critical
parameters that is considered particularly: pixel area, fill factor, power consumption, demodulation
efficiency, optical responsivity and maximum operating frequency.

v) The technological and physical parameters of the device simulator are tuned by exploiting the results
of the test device chip. A good charge separation efficiency and demodulation capabilities are achieved
up to modulation frequencies larger than 20 MHz. The impact of important parameters such as
wavelength, modulation frequency and voltage on this test device is also experimentally evaluated.

vi)Finally, a prototype camera system with 120x160 pixel array is fabricated, which is capable of
providing real-time distance measurements of a scene through modulated-wave TOF measurements with
a modulation frequency 20 MHz.

1.3 Thesis Overview:
The remaining portion of this thesis is organized as follows:

Chapter 2 is dedicated to a literature review, which describes the theory of photodetection in
semiconductor devices, especially in CMOS compatible photodetectors, followed by a discussion of
various CMOS compatible photosensor operation and comparing them in terms of their applicability in
CMOS image sensor. It also gives a short overview and comparison of CCD and CMOS image sensors.
To understand photodetector performance several conventional parameters including responsivity,
quantum efficiency, leakage current, capacitance and noise sources are also described in this chapter.

Chapter 3 describes the basic operation principle as well as typical advantages and disadvantages of
different optical measurement techniques and roughly compares Time-of-Flight measurement technique
with other measurement principles--Interferometry and Triangulation methods. This chapter also
discusses about the state of the art of TOF based 3D imagers for different types of photodetector used in
the pixels and show the comparative study of several types of 3D image sensors that are reported in the
literature.

Chapter 4 is devoted to describe the design and characterization of a current assisted photo mixing
demodulator test structure that is fabricated in custom technology. Some photo demodulator test
structures featuring of different topological, geometrical and process options have been designed and
simulated by ISE-TCAD simulation software to understand the device functionality. Finally the electro-
optical characterization of this test device is experimented.

Chapter 5 focuses on a current assisted photo mixing pixels having remarkably small pixel size of 10x10
um’ designed and fabricated in 0.18 pum CMOS technology. In this chapter, the device charge separation
efficiency and demodulation capabilities are described up to modulation frequencies larger than 20 MHz.
The impact of important parameters such as wavelength, modulation frequency and voltage on this test
device is also experimentally evaluated in this chapter.

Chapter 6 presents a detailed analysis on CMOS active pixel sensors. The pixel architecture and its
schematic simulations are described in this chapter firstly. The description of the system architecture of
CAPD ranging camera and the respective function modules of the ranging systems based on the CAPD
device is explained. Finally, the results of some typical range measurements of the CAPD based prototype
camera are presented.

Chapter 7 discusses the conclusions of the thesis and provides directions of the future work for further
improvement of CMOS imagers.



Moreover, in the Appendices we describe some driver circuits that we used in the measurement setup for
various experimental investigations and also define some useful terminology based on the image sensor.

Appendix-A 3D image sensor based terminology

Appendix-B Pseudo Differential Amplifier & Laser Driver Circuit
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Chapter 02

Theoretical Overview

Single-crystal semiconductors have a significant place in optoelectronics, a large number of
optoelectronic devices consist of a p-type and n-type region, just like a regular p-n diode. The key
difference is that there is an additional interaction between the electrons and holes in the semiconductor
and light. The microscopic interaction between carriers and photons leading to photon absorption or
emission and correspondingly to electron—hole (e-h) pair generation or recombination. In this chapter we
start from the light and photon, energy band structure of semiconductors and explain the concept of
interaction between light and semiconductor. We also show the different types of photodetectors and their
performance parameters and finally we will discuss about the CCD and CMOS based image sensor in the
following chapter.

2.1 Photon and Photo sensing physics in semiconductors:

When an electromagnetic wave hits a material surface, the photon interacts with matter, which contains
electric charges. Regardless of whether the wave is partially absorbed or reflected, the electric field of
light exerts forces on the electric charges and dipoles in atoms, molecules and solids, causing them to
vibrate or accelerate. On the contrary, the vibrating electric charges emit light. We know from the
quantum mechanics of principle- atom, molecules and solids have specific allowed energy band. A
photon may interact with an atom if its energy matches with the difference between two energy levels.
When the photons impart their energy to the atom and raising it to a higher energy level, it is said that the
photon is absorbed. Then again, the atom can undergo a transition to a lower energy level thus resulting in
the emission of a photon. In this section, we will briefly discuss about light and photon, the
semiconductor structure and effect of light on semiconductors.

2.1.1 Description of light and photon:

Light is an electromagnetic radiation of wavelength that propagates in space and time. It carries radiant
energy and exhibits properties of both wavelike and particle-like in space. The electromagnetic wave is
periodic and propagates in a straight line with the speed of light (c) in a homogeneous medium. Given
that the wavelength is A, so the frequency f can be expressed by the relation-

Light consists of quantum particles called photons. Photons have zero rest mass, carry electromagnetic
energy and momentum. They also carry an intrinsic angular momentum that directs its polarization
properties. The photon can travel at the speed of light in vacuum but its speed is retarded in matter. The
amount of energy carried by a photon along with an electromagnetic wave is E,, that relates with its
frequency f'and wave length 4.

c

Ey=hf=h"

.22

where % is the Planck’s constant [01]. This equation shows that the photon energy depends on its
frequency. The interaction between an electromagnetic wave and a semiconductor can be analyzed at
several levels. Fig. 2.1 shows the electromagnetic spectrum where energy decreases with respect to the
increase of wavelength. Different types of semiconductors used in photo-detector are Silicon (Si),
Germanium (Ge), Cadmium Zinc Telluride (CdZnTe), Gallium Nitride (GaN) etc [02]. This thesis
concentrates on the basic mechanism of photo-detection using silicon for the visible light spectrum. The
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Interaction between the photons and silicon is concerned with the attenuation of the incident beam as it
penetrates through the semiconductor and the most important forms of interaction include absorption,
refraction, transmission, angle and diffraction.

For each material, different wavelengths of optical signal are absorbed over different penetration depths.
Thus different types of detector materials respond to specific spectral ranges. Another band is the
frequency range corresponding to radio waves, micro waves or even millimeter waves. High speed
electronic devices and circuits of the optoelectronic systems operate in this range.
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Fig. 2.1: Electromagnetic Spectrum

2.1.2 Energy band structure of semiconductors:

The energy regions of semiconductors take the form of groups of closely spaced levels that form bands.
At the thermal excitation T=0K these bands are either completely occupied by electrons or completely
empty. The highest filled band i.e. the lower energy band is called the valance band. The upper energy
band; which is empty is called the conduction band. The separation between the energy of the highest
valance band and that of the lowest conduction band is called the band gap E, .The energy band gap plays
an important role to determine the optical and electrical properties of the semiconductor materials. The
band structure of a crystalline solid can be characterized by the energy-momentum (E-p) relationship in
free space as follows:

2 2712
o AL S
2m, 2m,

where p is the magnitude of the momentum and k is the magnitude of the wave vector k = p/h associated
with the electrons wave function and m, is the electron mass.

The semiconductors in which the valance band maximum and the conduction band minimum correspond
to the same momentum are called the direct band gap materials. On the other hand semiconductors in
which this is not maintained are known as indirect band-gap materials. An indirect band gap requires a
substantial change in the electron momentum. The direct band gap materials are often explain electronic
and optical behaviour of a semiconductor. Gallium Arsenide (GaAs) is a typical example of direct band
gap material and able to interact directly with photon. In GaAs, to promote an electron from valence band
to conduction band, an energy larger than the band gap has to be provided but momentum is negligible.
Since the interaction involves only one electron and one photon, the interaction probability is high. On the
other hand, in Silicon (Si) the valence band and the conduction band maintain indirect-band gap. The
Photon interaction leading to band-to-band processes requires a substantial amount of momentum. It also
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maintains a direct band gap with high energy of 3.4eV. Germanium (Ge) has an indirect-band gap at the
lowest conduction band point where the energy is 0.66 eV, but a direct band gap is also available with
high energy of 0.9eV. The typical transport properties of Ge are as like as the indirect-band gap materials
but optical properties can be influenced by the fact that high-energy photons can excite electrons directly
from valance band to conduction band. Fig. 2.2 shows the simplified band structure of GaAs, Si and Ge.
Many compound semiconductor families can be classified in direct and indirect band gap. For examples,
compounds GaAs, InP, GaSb, InAs are the direct band gap materials and AlAs, GaP are indirect ones.
These compound semiconductors are used for high-frequency electronics and optoelectronics.
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Fig. 2.2: Simplified band structure of (a) GaAs (b) Si (c) Ge [01]

2.1.3 Optical absorption in semiconductors:

In order for a semiconductor device to be useful as a detector, some property of the device should be
affected by radiation. The most commonly used property is the conversion of light into electron-hole pairs.
When light impinges on a semiconductor, it can scatter an electron in the valence band into conduction
band. This process is called the absorption of a photon. In order to take the electron from the fully

occupied valence band to the empty conduction band, the photon energy must be at least equal to the band
gap of the semiconductor.

For silicon, when incident light impinges some portion of the original optical power is reflected due to the
index of refraction change at the surface. The remaining light enters the silicon piece and gets absorbed
by the material such that the amount of power decays exponentially from the surface. If /(x) represents the
power of the optical signal at depth x from the surface, /(0) is the power level that enter the silicon surface.
I(x) is related to / (0) by the Beer-Lambert law [03]:

I(x)z [(O).e"”“ re e e e e e e e (2.4)

where o is the absorption coefficient (m™) and is a function of the wavelength of the optical signal and x
is the thickness of the semiconductor. @ decreases as wavelength increases but in general a cannot be
mathematically computed easily. A shorter wavelength signal at the blue end of the visible spectrum in
fact might be more difficult for a photo-detector to sense depending on the design and architecture of the
detector. We know that, the absorption of photons entering the semiconductor material is a statistical
process and photon-absorption sites are statistically distributed with an exponential dependence of
distance from the semiconductor surface and wavelength of the incoming light. The distance where an



amount of 37% of the total photon flux is already absorbed is called the penetration depth (L,). That is the
inverse of the absorption-coefficient o [01]. So we can write the above equation as:

X

I(x)=1(0)e o oo e o o (25)

Fig. 2.3 shows the exponential attenuation of photon power.
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Fig.2.3: Semiconductor under incident light and exponential decay of photon power
Fig.2.4 shows the absorption spectra of a few semiconductors that are used for optoelectronic applications.
In this figure, the band gap energies are indicated, along with the wavelength. The absorption coefficient

drops off sharply at the band-gap energy, indicating negligible absorption for photons with energy smaller
than E, [04]. Thus, silicon absorbs photons with A < 1.1 um and GaAs absorbs photons with A < 0.9 um.
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Fig. 2.4: Absorption coefficient of some optoelectronic Semiconductors



2.1.4 Photon-semiconductor interaction:

At a microscopic level, semiconductors are containers of charged particles (electrons and holes) that
interact with the EM wave photons. We know, an EM wave with frequency f'is interpreted as a collection
of photons of energy E,, = hf. The magnitude of the photons momentum is 2z/A. The possibility of
interaction is quite obvious, since charged particles in motion are subject to the Coulomb force (EM wave
electric field) and to the Lorentz force (magnetic field of the EM wave). The useful semiconductor
response is dominated by the ability of radiation to cause band-to-band carrier transitions with
corresponding emission or absorption of a photon. Equation 2.2 is the Planck’s law, where a useful
relation exists between the EM photon energy and the related wavelength.

4.136x10™% el .2.998 x10% m / )
B, =l L S L 26
p A Ax10 A

m

In the EM wave and semiconductor interaction, three cases are possible according to the value of photon
energy E,, and the energy band gap E, when E,, < E,, as in RF, Microwave and far infrared, the
interaction is weak and does not involve band-to-band processes but only the dielectric response and
inter band processes, called free electron/hole absorption. If £,,~ E, and E,,> E, as in the near infrared,
visible light and ultra violet ray; in this case light interacts strongly through band-to-band processes
leading to the generation of e-h pairs. Finally when E,, >> E,, as for X-rays; high-energy ionizing
interactions take place i.e., each photon causes the generation of a high-energy e-h pair which generates a
large number of electron-hole pairs through avalanche processes. This case is exploited in high-energy
particles and radiation detectors.
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In EM wave- semiconductor interaction, optical processes leading to band-to-band transitions involve at
least one photon and one e-h pair. There are three basic processes: In photon absorption process; the
photon energy is supplied to a valence band electron, which is promoted to the conduction band, leaving a
free hole in the valence band. Because of the absorption process, the EM wave decreases its amplitude
and power.

In photon stimulated emission process, a photon stimulates the emission of a second photon with the
same frequency and wave vector; the e-h pair recombines to provide the photon energy. The emitted
photon is coherent with the stimulating EM wave, i.e. it increases the amplitude of the EM field and the
EM wave power through a gain process. The above Fig. 2.5 shows the photon-semiconductor interaction
processes. Finally, photon spontaneous emission process, a photon is emitted spontaneously; the e-h pair
recombines to provide the photon energy. Since the emitted photon is incoherent, the process does not
imply the amplification of an already existing wave, but rather the excitation of an EM field with a
possibly broad frequency spectrum.

2.2 Silicon based photodetectors and light detection:

A photodetector is a semiconductor device that can detect an optical signal and transduce into an
electronic signal. The physical operation phenomena of the photodetector is as follows: (a) optical
generation of free electron-hole pairs due to the absorption of incident light (b) the photo generated
electron- hole pairs are then separated and collected by the external circuit with considerable gain. The
current through the detector in the absence of light is called dark current. Dark current must be accounted
for by calibration if a detector is used to make an accurate optical power measurement and it is also
source of noise when used in optical communication systems. The figures of merit of a photodetector are
photosensitivity of light at various wavelengths, response time, detector noise, dynamic range and so on.

The photodetectors are very important in various fields of applications such as: optical communication,
digital photography, spectroscopy, night vision equipment and laser range finder. In this section different
types of silicon-based photodetectors - photoconductor, photodiode, phototransistor and photo-gate are
briefly described.

2.2.1 Photoconductor:

A photoconductor is a semiconductor light detector consisting of a piece of semiconductor with two
ohmic contacts at opposite ends of the device. Fig. 2.6 shows the schematic diagram of a photoconductor
[03]. Under illumination, the incident light passes through the material thus generating carriers and
increasing the conductivity of the semiconductor.

Semiconductor

l<

Contact

Fig. 2.6: Schematic of a photoconductor with semiconductor slab and two ohmic contacts.
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The increase of conductivity under illumination is mainly due to the increase in the number of carriers.
These carriers are generated either by the process of intrinsic or extrinsic photoexcitations. Consequently,
the current flowing through the device in response to an applied voltage is a function of the incident
optical power density P'qy.

The performance of a photodetector is measured in terms of quantum efficiency, response time and
sensitivity. Carriers in a semiconductor recombine at the rate n (¢)/r, where n (¢) is the carrier
concentration and 7 is the lifetime of the carriers. At time zero, the number of generated carriers in a unit
volume is ny. After time t in the same volume the number of generated carriers decay by recombination as
n= nyexp (-t/z). For the monochromatic illumination the photon flux impinging uniformly on the surface
of the photoconductor with area A=WL, where W and L is the width and length of the photodetector
respectively. The generation rate of electron-hole pairs per unit volume is proportional to the optical
power density and at the steady state the carrier generation rate must balance the recombination rate.
Therefore,

A_p _ & _ G n})opt WL

R= = =
T T hol WH

. 2.7

where Ap and An are the generated hole and electron densities by photon absorption and H is the height
of the photoconductor. These carriers increase the conductivity by Ao,

Now, Ao =qu,An+qu,Ap ..................(2.8)

where 4, and y, are the electron and hole mobility. For an applied voltage V), the photogenerated

current density 4J is

A= pgte - qumﬂptWLT qu, P, WLt |V,
I hoLWH holWH | L

P, A, v,
:M(l ’u”] T...................(2-9)

hoH u, ) L

Now the induced current A4/ is the current density time the cross-sectional area of the photoconductor:

P, Wi, v,
A]zAJWqun”—ﬂ(l ”PJ L (210)
ho M, ) L

The primary photocurrent can be deﬁnedlap, =nqP , /ho, where; P,, = P, LW is the total optical

opt
power impinging on the detector. Now the light induced current Al relates with the primary photocurrent,
the carrier life time and bias voltage. It also inversely proportional to length can be expressed as the
following:

v E
AL =1 |1+ 5 | 2T g Ty Ee (BT
M, ) L M, ) L

v,
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'u” L lLln tr

11



where 7. is the average time required for a carrier to pass through the length of the device called transit
time [02]. The gain of the device is the rate of incremental light induced current A/ to the primary current
1, The gain G depends on the lifetime of carriers relative to their transit time. The gain can assume a
broad range of values, both below and above unity, depending on the parameters of the materials, size of
the device and applied voltage. The gain of a photoconductor cannot generally exceed 10°, because of the
constraint enforced by space charge limited current flow, impact ionization and dielectric breakdown.

2.2.2 Photodiode:

The photodiode is an important photo sensor for digital imaging, analytical instrumentation, laser range
finder, optical communication and so on. A planar diffused silicon photodiode is simply a p-n junction
diode. It can be formed by diffusing either an n-type impurity into a p-type bulk silicon wafer or a p-type
impurity into an n-type bulk silicon wafer. The inter diffusion of electrons and holes between the n and p
regions across the junction introduces a region with no free carriers, this is called depletion region. Any
applied reverse bias can be added to increase the depletion region width. When light irradiates into a
diode junction the electron-hole pairs are generated and swept away by drift in the depletion region and
are collected by diffusion from the un-depleted region. The generated current is proportional to the
incident light or radiation power. Fig. 2.7 shows a simple p-n photodiode.

The quantum efficiency of photodiode is one of the most important figures of merit. For larger quantum
efficiency the depletion layer of the photodiode must be thick in order to take up as many photons as
possible. On the other hand the thicker depletion layer increase carrier transit time, so the thickness of the
depletion layer should be carefully chosen to achieve the best trade-off between the quantum efficiency
and response time. The response speed of a photodiode is much faster than that of photoconductor due to
the strong electric field inside the depletion region. Three factors limit the response speed of a photodiode:
the diffusion time of carriers outside the depletion layer, the drift time inside the depletion layer and the
capacitance of the depletion region.
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Fig.2.7: Device configuration of a p-n photodiode

Silicon photodiode can be operated in three different modes of operation: photovoltaic mode,
photoconductive mode and integrating mode. In the photovoltaic mode the photodiode is unbiased; while
for the photoconductive mode an external reverse bias is applied. Integrating mode is also known as
storage mode; initially the photodiode is reverse biased then leaving it floating and making the photo
charge be integrated onto the photodiode capacitance. The mode of selection depends upon the speed
requirements of the application and the amount of dark current that is tolerable. In the photovoltaic mode
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dark current is at a minimum level, on the other hand photodiodes exhibit their fastest switching speeds
when operated in photoconductive mode.

Typically the photodiodes are operated in the photoconductive mode with reverse bias condition. Under
the illumination, photons are absorbed everywhere with respect to absorption coefficient and the
photocurrent is generated. The total photocurrent consists of drift current and diffusion current. The drift
current produced due to the carriers generated inside the depletion layer. On the other hand the diffusion
current is produced due to carriers generated outside the depletion region that diffuse into the reverse
biased junction. Both generated photocurrents are dependent on the incident photon flux; therefore, the
steady-state current density through the reverse-biased depletion layer can be expressed as

ot = aripp ¥ Ligrusion - v wre wee oo en (2.12)

In the case of p-n diode, the two components of the photocurrent can be expressed from the electron-hole
generation rate as:

G(x)=¢g,e™™ ..................(2.13)
where ¢, is the incident photon flux per unit area given by P, (1—R)/ Ahw, where R is the refection

coefficient and 4 is the device area. So the drift current J ., and the diffusion current J ., can be

usion

expressed as:
Jom = a1 —exp(-a,)] ... (214)
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So the total current density Ji,, Which is the sum of drift and diffusion current densities turns out to be
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where a is the absorption co-efficient, W, is the depletion width and L,, D, and P, are the hole diffusion
length, diffusion co-efficient and equilibrium minority-carrier concentration in the n-type region
respectively [01]. In the absence of optical illumination, a current also flows as a result of leakage current
is generally called dark current /. Three different contribution phenomena are responsible for this dark
current: firstly the contribution comes from the thermal generation of charge carriers within the depletion
region, secondly, the diffusion of the minority carriers from the quasi-neutral region to the depletion
region can drive the leakage current and finally the contribution is due to the generation of carriers to the
depleted surface beneath the SiO, passivation layer.

For a planar photodiode, the active area is defined photo-lithographically after the pattern is etched
through the initial oxide passivation layer. In the case of surface preparation some surface damage leaves
which reduces the collection efficiency of the device. An additional oxide passivation layer is grown over
the active area of the photodiodes to form an anti reflection coating. The photodiode response can be
enhanced up to 25% by adjusting the anti-reflection coating to a particular wavelength, thus the
photodiode performance can be increased.

2.2.3 Phototransistor:
A phototransistor is in essence nothing more than a bipolar transistor. It differs from a conventional

bipolar transistor by having much larger base and collector area as the photon collecting element. These
devices are generally made using diffusion or ion implantation. Phototransistor provides high levels of
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gain and standard devices are low cost and can be used in many applications. Fig.2.8 shows the schematic
of a p-n-p bipolar phototransistor. The collector-base junction area is large to increase the collection of
photons. These devices are operated with the base terminal floating. The light enters the base-collector
region of the device where it causes hole-electron pairs to be generated. The photogenerated holes in the
reverse biased base-collector junction will be swept in to the collector and collected as photocurrent 7.
The emitter-base potential is raised by electrons generated in the base region and swept into the base from
the collector. The increase of emitter-base junction potential causes holes from the emitter to be injected
into the base and pass through it by diffusion and appear as additional collector current [03]. Since the
base is floating the emitter current I is equal to the collector current /- as shown below:

Io=1, =1 =(thy \y+1,) oo e e s (2.16)

where hpg is the static common emitter current gain, /., represents the background current and dark
current. /cgo is the collector-emitter current open base
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Fig.2.8: Schematic of a p-n-p phototransistor

The gain of the phototransistor is (I+Arg), thus the effective quantum efficiency is (/+/xz) times larger
than that of the base-collector photodiode. As already mentioned the phototransistor has a high level of
gain resulting from the transistor action. For homo-structure this may be the order of about 50 up to a few
hundred [05]. However for the hetero-structure devices the levels of gain may rise to ten thousand. The
response speed of the phototransistor is slow in comparison with the photodiode because of the large
depletion capacitance from the large collector-base junction area.

2.2.4 Photo-gate:

The Physical basis of MOS photo-gate employs the principle of operation of CCD concerning integration
transport and readout inside each pixel [01]. These devices can be either NMOS photo-gate or PMOS
photo-gate depending on the fabrication process used. The photo-gate detector is a MOS capacitor with
polysilicon at the top terminal and consists of a photo-gate (PG) with a floating diffusion (FD) output
separated by a transfer gate (7X). Fig.2.9 shows the cross-sectional view of a photo-gate. The photo-gate
transfer optical signals into stored charges rather than voltage or current signals. The stored charges
subsequently interact with other components to generate voltage or current signals. When a positive
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voltage is applied to the gate above the p-substrate, holes are pushed away from the surface and
underneath of the photo-gate a depletion layer is formed. The photo-gate has different mode of operation.
When no free charge carriers are available the depletion region extends deep into the semiconductor
resulting in a deep space charge region. With the optical generation of electron-hole pairs free charge
carriers become available. The electron-hole pairs are separated in such a way that the minority carriers,
i.e. electrons are collected at the semiconductor surface while majority carriers, i.e. holes are rejected into
the semiconductor bulk, where they recombine after a certain time [03].

Photo-gate Transfer gate Floating diffusion
(PG) (TX) node (FD)

7. Inversion layer \ A n+ nt+

- —

Gate-oxide Poly-Silicon Aluminum

p- Substrate

Fig.2.9: Cross-sectional view of Photo-gate structure

The electrons begin to form an inversion layer and at the same time decrease the depth of the space
charge region, thus integrating the optically generated electrons. At the mode of strong inversion no more
free charge carriers can be held by the MOS diode. It is the equilibrium condition of the MOS diode for
the gate voltage applied. The merit of the photo-gate structure is that the sensing node and the integrating
node are separate which allows true Correlated Double Sampling (CDS) operation to suppress £7C noise,
1/f noise and Fixed Pattern Noise (FPN) [06, 12]. Conversely, the demerit of the photo-gate structure is
low spectral response because of the absorption in the polysilicon gate which has an absorption
coefficient corresponding to that of crystalline silicon.

2.3 Different types of CMOS compatible photodiodes:

Photodiodes are the doorways to Image Sensors. The characteristics of the detectors, such as bandwidth,
noise, linearity and dynamic range directly affect the performance of the system. Therefore, it is highly
desirable to have as perfect a photodiode as possible. In a standard CMOS process, either p-well or n-well,
several parasitic junction devices can be formed to convert light into an electrical signal. The n+/p-
substrate photodiode, the p+/n-well photodiode and n-well/p-substrate photodiode are the three possible
structures that can be implemented using p-substrate. The first two is “shallow” junction photodiodes
whereas the third is a “deep” junction photodiodes. Fig.2.10 shows the cross sectional view of three
CMOS compatible photodiodes [05, 07].

In the conventional CMOS process n-diffusion and p-substrate junction photodiode is the most widely
used one due to its simple layout and less susceptible to lithographic variations that cause the fixed
pattern noise. The quantum efficiency is better than that of p+/n-well photodiode due to the contribution
of generated carriers in the bulk substrate and the wider depletion layer itself for the same pixel size. On
the other hand, this diode introduces crosstalk and noise because of diffusion and leakage of carriers
through the substrate [05, 07, 09]. As the carriers are generated in the bulk substrate the response time is
expected to be longer than the p+/n-well junction device.
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Fig.2.10: CMOS compatible photodiode structures (a) n+/p-substrate (b) p+/ n-well (¢) n-well/p-substrate

The p+/n-well photodiode is formed with a p-diffusion in an n-well. The lower spectral response of this
photodiode compared with the other devices due to the narrowness and shallowness of the p+/n-well
junction. For the long wavelength optical signal the charge carriers generated outside the well are
shielded by n-well/p-substrate junction, thus there is no chance to collect the charge carriers by the
photodiode inside the well. As the n-well/p-substrate junction shielding will lead to better isolation for the
photodiode, crosstalk between the neighbouring photodiodes are lower [11]. The maximum sensitivity
occurs at 530nm wavelengths, reflecting the shallowness of the junction where most of the green-light is
absorbed [10]. The diffusion-well diode has a better response in the green region than well-substrate
diode because the junction is closer to the surface and therefore it can absorb more short-wavelength
photons which have a high absorption co-efficient.

Finally, the well-substrate junction is formed between an n-well and a p-substrate. As it has a wide and
deep depletion region, causes the best spectral response with respect to other photodiode structures. It also
allows the collection of photogenerated minority carriers deeply inside the substrate. The capacitance of
the well-substrate photodiodes is low, thus helps to achieve a high bandwidth of the device [05, 07, 09].
The disadvantage of this device is that, it offers higher crosstalk from the neighbouring photodiodes and
substrate noise due to diffusion of the minority carriers. This photodiode junction has moderate dark
current compared to the other photodiodes [10].

2.4 Considerable parameters of photodetector:

A number of important parameters are commonly used to describe the photodiode performance. These
performance characteristics signify how a photodiode acts in response to an input of light energy. The
photodiode parameters can be used to select an appropriate detector for a particular application. In general,
one should give concentration on the following properties in a detector: i) a large response at the
wavelength to be detected ii) a small value of the noise introduced by the detector iii) satisfactory speed
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of response to follow variations in the optical signal being detected. To understand the descriptions of
photodetector performance several conventional parameters are described in this section.

2.4.1 Responsivity:

The responsivity of a silicon photodetector gives a measure of the sensitivity to radiant energy. It can be
defined as the ratio of the diode output to the incident power at a given wave length. Thus the
responsivity is essentially a measure of the effectiveness of the device to transduce the electromagnetic
radiation to electrical current or voltage. Responsivity varies with changes in wavelength, bias voltage
and temperature. Since the reflection and absorption characteristics of the detector sensitive material
change with wavelength thus changes the responsivity of the detector. The photodiode that generates a
photocurrent can be derived by integrating the optical generation rate G, over the device active volume
[14].

1, ZQJ-GO(KaR,,)dV e e (217)
vV
From 1, the device responsivity can be obtained as

I
R:P—L e (2.18)

In the real device the number of electrons flowing in the external circuit is lower than the number of
incident photons that lead the responsivity smaller than the ideal value. This happens due to the incident
light has to undergo a number of steps before being converted into a current. Some non-idealities
mechanisms limits the detector response in the following ways: the part of the optical power that is
reflected at the photodiode interface due to dielectric mismatch; part of the power is absorbed in regions
of where it does not contribute to useful output current and finally part of the power is transmitted
through the PD without being absorbed.

2.4.2 Quantum efficiency:
It is defined as the number of incident photons that contribute to photocurrent divided by the number of
the injected photons of specific wavelengths. Quantum efficiency is related to the responsivity as follows:

it is equal to the current responsivity times the photon energy in electron-volts of the incident radiation. It
can be expressed as a percentage,

1240

Quantum Efficiency = R, x100% ... ...... ... ... ... (2.19)

where, the R; is the responsivity in 4/W and A is the wavelength in nm. The quantum efficiency is
determined by three factors: the absorption coefficient of Si; the transmission co-efficient of the dielectric
layers above silicon and the carrier collection efficiency of the sensor. The quantum efficiency decreases
towards the short and long wavelengths that are caused by the reflections of the thin-film structure on the
top of the silicon [14, 15]. So it is another parameter to measure the effectiveness of the basic radiant
energy to produce electrical current in a detector.

2.4.3 Response time:
The dynamic performance is an important parameter of the photodiode. The photodiode response time is
the root mean square sum of the charge collection time and the RC time constant arising from series plus

load resistance and the junction and stray capacitance. The response time of a photodetector with output
circuit depends on the following factors:
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i) The transit time #; of the photo carriers across the depletion region. This time depends on the carrier
drift velocity vgand depletion layer width /¥ and it can be expressed by

= e (2220)

ii) The diffusion time of the photo carriers which are absorbed outside the depletion region.

iii) The RC time constant of the circuit. The circuit after the photodiode acts like RC low pass filter with a
pass band given by

1

B=——— i (22])
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The capacitance of the photodiode must be kept small to prevent the RC time constant from limiting the
response time. To achieve the higher quantum efficiency, the depletion layer width must be larger than
1/o; where a is the absorption coefficient, so that most of the light will be absorbed. At the same time,
with large width the capacitance is small and RC time constant getting smaller leading to faster response
but large width results in longer transit time. Therefore there is trade off between width and quantum
efficiency.

2.4.4 Leakage current:

The dark current is the leakage current in photodiode and refers to the absorption of carriers that are not
generated by photons but it flows when the reverse bias is applied on the photodiode. As the properties of
leakage current carriers are intrinsically same as the photo-generated carriers, it is difficult to separate
these two carriers from the mixture. It decreases the charge capacity that specified for photo-carriers. This
current component introduces spatial and temporal variation of the output signals that contribute the fixed
pattern noise and shot noise of the imagers respectively. Under the low illumination condition, the effect
of leakage current is more severe because of the total amount of carriers becomes higher. The leakage
current of a photodiode is essentially the same as that of the reverse-bias current for a p-n junction diode.
The total reverse bias current can be approximately given by the sum of the generation current in the
depletion region and the sum of the diffusion components in the neutral region [16]. This can be
expressed as:
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where D, is the diffusion co-efficient and 7, is the lifetime of the electrons in the p-type region; #; is the
intrinsic carrier concentration; N, is the doping concentration in the p-type region; W is the width of
depletion region and 7, denotes the effective lifetime in the depletion region. The first term of reverse
current density equation comes from minority carrier diffusion from the charge neutral region and the
second term is the generation current in the depletion region. The dark current is temperature dependent.
In this equation the intrinsic carrier concentration n; is strongly temperature dependent and the depletion
layer width W is dependent on the bias voltage. At room temperature, for silicon junction diodes, the
component of generation current usually dominates the reverse-bias current and the diffusion current
dominates at high temperature.

2.4.5 Capacitance:
A capacitance is associated with the depletion region which exists at the p-n junction. The boundaries of

the depletion region act as a parallel plate of the capacitor. The junction capacitance is directly
proportional to the diffused area and inversely proportional to the width of the depletion region. The
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width of the depletion region and the capacitance value can be determined by the doping profile. Using
abrupt junction approximation, the width of the depletion region can be expressed:

W= {285 (L+L](Vbi —V)} e (223)

g \N, N,

a

where ¢, is the permittivity of silicon; N, and N, are doping concentration of p-type and n-type region
respectively; Vj,; is the built-in potential and V is the applied bias voltage. The depletion capacitance per
unit area can be defined
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where dQ is the incremental change in depletion layer charge per unit area and dV is the incremental
applied voltage. So the capacitance can be expressed by using the above two equations
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We know the junction capacitance at the charge sensing node regulates the capacity and the charge-to-
voltage conversion gain of the photo sensor device. In addition, the lower junction capacitance at the
charge sensing node is usually favoured since it introduces a higher signal-to-noise ratio of the output
signals. Moreover the capacitance is dependent on the reverse bias voltage; increase in the reverse bias
voltage causes the depletion width to increase, thus the drift time of carriers becomes longer across the
depletion region [17].

2.4.6 Noise:

Noise is a critical performance parameter for the photodetectors. There are several sources of noise in
photodetectors. These include shot noise from detector photocurrent, shot noise from the dark current,
Johnson noise due to the thermal fluctuation in the detector impedance and flicker noise that is inversely
proportional to the measurement frequency [13].

Quantum shot noise arises from the statistical Poisson-distributed nature of the arrival process of photons
and collection of photo generated electron. The standard deviation of the photon shot noise is

<i;>=a§ =2qI,BM*F(M) ... ... ... .........(2.26)

where I» = Photo current

B = Receiver bandwidth

F (M) is the noise figure and generally F (M) =~ M". For the pin photodetector M and F (M) is equal
to 1.

The current that continues to flow through the photodiode device in the absence of light is called dark
current is responsible for dark current shot noise. It arises from electron and hole which is thermally
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generated in the pn junction of the photodiode in the bulk area. The dark current shot noise can be
expressed as:

(ip) =00 =2q1,BM’F(M) .................(227)

where I is the dark current. Due to the surface area, surface defects and bias voltage a surface dark
current flows in the device that introduces a noise is called surface dark current shot noise. It can be
defined

(ips)=0ps =2q1,B ... ... ... ... (228)

where [; is the surface dark current. The shot noise of the photodetectors limits the SNR when the
detected signal is large. Thermal noise, also called Johnson noise or Nyquist noise generated by the
thermal agitation of the electrons inside an electrical conductor at equilibrium, which happens regardless
of any applied voltage. A photodetector thermal noise can be modelled as a voltage source in series with
an ideal resistor R. In this case,

<V2>=4kBTRB e (2229)

It can also be modelled a current in parallel with R

4k ,TB
Py=—2"— ... ... ..(230
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where, kz = 1.38 x 10 JK™' is Boltzmann constant. This noise can be suppressed if the sensor is operated
at low temperature.

2.5 Review of CCD and CMOS Image Sensor:

Solid-state optical sensors are used in a wide range of applications. Charge Coupled Device (CCD)
technologies and image sensors have been discovered at the beginning of the seventies which can be
found today in almost all electronic acquisition systems [18]. CCD image sensor is the first solid-state
image sensor that offers good picture resolution, higher fill factor but on the other hand it requires more
power and is generally more expensive. The Complementary Metal Oxide Semiconductor (CMOS)
imaging detectors began to make their move into the CCD detector arena. While CMOS sensors have
generally lagged behind CCD sensors in terms of image quality, it has been able to compete in the
imaging market by taking advantage of standard CMOS process technology. The smaller device size,
light weight and lower cost made CMOS sensors suitable for high-volume consumer and mobile
applications. Traditionally, the CCD vs. CMOS battle has been a trade-off between image quality and
quantity. CCD image sensors have delivered improved quality, while CMOS image sensors have
provided better performance in terms of battery life and lower cost. CMOS image sensors are increasingly
rivalling the image quality that CCD sensors have traditionally provided. Improved architecture and
processes have to overcome to a large extent, the early weakness of CMOS imagers, most likely with
respect to noise and sensitivity. To compete in the high volume marketplace, meanwhile, CCD sensors
have responded by using new methods to reduce clocking voltages and power consumption reported in
[19].The overall architecture, operation and comparative performance of CCD and CMOS based image
sensors are described in this section.

2.5.1 Charged-Coupled Device (CCD) Image Sensor:
A CCD pixel is basically a MOS capacitor [18], usually a buried channel type. Fig.2.11 shows a

schematic cross section of such a capacitor. The device is typically built on a p-type silicon substrate with
larger thickness and an n-type layer with small thickness grown up on the surface. A thin silicon dioxide
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layer is formed followed by a metal electrode. When a positive voltage is applied to the electrode, due to
the reverse bias action at the p-n junction a potential well is formed in the n-type silicon below the
electrode. Electron-hole pairs are generated in the depletion region when light is incident on the
CCD device. Due to the applied voltage the electrons migrate upwards into the n-type silicon layer and
are trapped in the potential well. The build up of negative charge is thus directly proportional to the level
of incident light.

Fig.2.11: Charged-Coupled Device (CCD) Cell

Readout Process: Considering each pixel is divided into three different areas known as phases shown in
the following Fig.2.12 given below. The integration periods, phi 1 and phi 2 are the charge holding
modes, and phi 3 is the charge blocking mode. When light is incident on the CCD device the charge
carriers are generated and restrained in a potential well below the surface. At the end of the integration
period, when it is time to transfer the captured image out of the array, the following process takes place.
After switching phil, phi2 and phi3 at different potential by a clock signal the carriers are transported in a
lateral direction.

(Phil) (Phi2) (Phi3) (Phil) (Phi2) (Phi3) (Phi 1) (Phi2) (Phi3)
2V 10V 2V 2V 2V 10V 2~10V 2V 2V 10V 10V 2V
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[ == 3<% Potential well
containing charge %
(b)

(a) (c)
(Phi 1) (Phi2) (Phi3) (Phi 1) (Phi2) (Phi3)
2V 10~2V 2V 2V 2V 10V 2V 2V

Collapsing

(d) (e)
Fig.2.12: Charge transfer process

Firstly phi 1 is placed in charge blocking mode, which has the effect of transferring the total charge of phi
1 and phi 2 into only phi 2. Phi 3 is then placed in charge holding mode, which allows the charge in phi 2
to distribute itself evenly between phi 2 and phi 3. Next, phi 2 is placed in charge blocking mode, forcing
charges into phi 3. This basic process of charge transport is repeated until the read out sequence is taking
place. More elaborate analysis of operation and physics of Charge Coupled Device (CCD) are reported in
[20, 21].
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Area array of CCD Architecture:

Depending on the different applications the architecture of area array CCD generally falls into one of four
categories: full frame array, frame transfer array, split frame transfer array and interlines transfer array
(Fig. 2.13).

Full Frame array — The image is transferred directly one row at a time from the imaging region of the
sensor to a serial register and finally feeding the charge to an output sense electrode. However, since only
a single row can be transferred to the readout register at a time the rest of the imaging pixels must wait.
Since during this period, pixels are being irradiated continuously this can lead to smearing and blurring of
the final image. Another problem is raised during high-speed applications. In these situations, the
integration time will be only a small percentage of the total time required to record and read out the total
image from the array. This causes lower contrast since very little time is spent actually to record the
image. These problems can be solved by using a mechanical or external electronic shutter to shield the
sensitive area during readout time.

Frame Transfer Array — A frame transfer device utilises two identical arrays: one is the light shielded
storage section and the other is the imaging section of the array. At the integration time, the captured
image is quickly transferred to the adjacent storage section. The storage sections are covered with a metal
shield to prevent them from being irradiated. While the next scene is being captured, the previous scene
that held in the storage section is transferred to the readout register as described above. The use of this
technique effectively increases the time available for integration and maintaining a high frame rate.

Readout Register

Upper Storage Area

_SJengitive Afea
Storage Area s

Lower Storage Area

Readout Register Readout Register Readout Register
(a) Full Frame Array (b) Frame Transfer Array (c) Split-Frame Transfer Array
Readout Register
LT T
<'-\

| Light Shielded Vertical CCD

-
\ .
|~ Imaging CCD Elements

Readout Register

(d) Interline Transfer Array

Fig.2.13: Area Array of CCD Architecture

22



Split Frame Transfer Array — The split frame transfer type device is essentially the same as a frame
transfer device, except that the storage section is split into two equal parts, with each half being located
above and below the imaging section. The advantage of this device is that it allows the image to be
transferred out of the imaging section in half the time that is required for a frame transfer device.

Interline Transfer Array —In interline transfer device, within photosensitive matrix the columns of photo-
sensitive elements are separated by columns of light shielded registers. At the end of the integration
period, all of the photosensitive elements simultaneously transfer their accumulated charge to the adjacent
storage registers. The light shielded registers then transfer the charge to the readout register in a very
short time. This type of device has the significant drawback that a large proportion of the imaging section
is not sensitive to light. To minimize the problems, micro lenses are often placed directly over the
imaging section of the array that have the effect of focusing the incoming light onto just the light sensitive
areas of each element.

2.5.2 CMOS based Image Sensor:

CMOS, Complimentary Metal Oxide Semiconductor, image sensors have been around for nearly as long
as CCDs [22]. High performance CMOS image sensors [23] use active pixel structures invented at NASA
Jet Propulsion Laboratory in 1993. CMOS sensors draw less power than CCD and use the same
manufacturing technologies as microprocessors and memory modules, thus they are easier to produce.
CMOS pixels can be divided into two main groups: Active Pixel Sensor (APS) and Passive Pixel Sensor
(PPS). Like CCDs, they are formed from a grid of light sensitive elements, each capable of producing an
electrical signal/charge proportional to the incident light. Each CMOS pixel employs a photodiode, a
capacitor and the amplifier transistors for APS. Prior to the start of the integration period, the capacitor
will be charged to some known voltage. When the integration period begins, the charge on the capacitor is
allowed to slowly discharge through the photodiode, the rate of discharge being directly proportional to
the level of incident light. At the end of the integration period, the charge remaining in the capacitor is
read out and digitized. Fig.2.14 shows the most common three transistors Active Pixel Sensor (APS) [24].
The reset transistor (RES), acts as a switch to reset the floating diffusion which acts in this case as the
photo diode. When the reset transistor is turned on, the photodiode effectively connects to the power
supply clearing all integrated charges. The read-out transistor, SF is a source follower transistor amplifier
which allows the pixel voltage to be observed without removing the accumulated charge. Finally the
select transistor, SEL allows the signal to be read-out. The row decoder and column decoder select each
pixel to read out for further Image processing.
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Fig.2.14: (a) CMOS based pixel (b) Pixel read out System
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2.5.3 Comparison between CCD and CMOS Imagers:

CCD and CMOS image sensors are two different technologies for capturing images. Each has unique
strengths and weaknesses giving advantages in different field of applications. Both CCD and CMOS
imagers convert light into electric charge and process it into electronic signals. In a CCD sensor, the
charge packet of every pixel is transferred through a very limited number of output nodes to be converted
to voltage, buffered, and sent off-chip as an analog signal. All of the pixel can be dedicated to light
capture, therefore the photo sensitive area is large and the output uniformity is high. In a CMOS sensor,
each pixel has its own charge-to-voltage conversion, and also includes amplifiers, noise-correction, and
digitization circuits, so that the chip output is digital bits. The other circuit functionalities enhance the
design complexity and decrease the photosensitive area for light capture. Traditionally CCD imagers
provided the performance benchmarks in the photographic, scientific, and industrial applications that
demand the utmost image quality as measured in quantum efficiency and noise at the expense of system
size. On the other hand CMOS imagers offer more functionality on the chip, lower power dissipation at
the chip level and the possibility of smaller system size. Variations in device characteristics, such as
feature dimensions and silicon doping levels, from pixel to pixel and column to column lead to substantial
fixed pattern noise with CMOS. There is also a high temporal noise from thermal and 1/f sources with
CMOS sensors due to using of multiple transistor stages. In CCD sensors fixed pattern noise and
temporal noise is smaller because charge packets are transferred almost perfectly within the sensor and
pass to the outside of the sensor area by a single output stage [13,23]. In CCD technology the fill factor of
the sensor is high compared to CMOS technology, giving a better photosensitive efficiency. Furthermore,
special attention is paid to minimizing dark current, a parasitic effect in photo detectors; so that it is lower
with CCD technology than with CMOS [25].

Table-I is given below summarized the comparative study between
CCD and CMOS image sensor.

Feature CCD CMOS
Signal out of pixel Electron packet Voltage
Signal out of chip Voltage (analog) Bits (digital)

Signal out of camera Bits (Digital) Bits (Digital)
Fill factor High Moderate
Amplifier mismatch N/A Moderate
System Noise Low Moderate
Responsivity Moderate Slightly better
Dynamic Range High Moderate
Uniformity High Low to Moderate
Uniform Shuttering Fast, Common Poor
Speed Moderate to high Higher
Biasing and Clocking Multiple and higher Voltage Single and Low Voltage
System Complexity High Low
Sensor Complexity Low High
Unit price High Comparatively low
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2.6 Available technologies for Image Sensor:

Now a day different technologies are available to design of image sensor chips. CCD, CMOS, Bi-CMOS
and GaAs (HEMT and MESFET) are the existing technologies that offer advantages and disadvantages in
their limited technological process. CCD sensors have been used in cameras for more than 30 years and
present many advantageous qualities: better light sensitivity than CMOS sensors that translates into better
images in low light conditions, low noise, low non-uniformity, and low dark current. CCD sensors are,
however, more expensive as they are made in a non-standard process and more complex to integrate into
a camera. Over the last decade, CMOS imager technology made huge progress which drastically
improved its performance. The most prominent was the CMOS Passive Pixel Sensor (PPS) fabricated by
VLSI Vision Ltd. [26] and from 1992 to the present, the Active Pixel Sensor (APS) was and still under
continuous development [27]. CMOS has been widely used in many designs and expanded the overall
imaging market due to the development of new applications. Another technology is bipolar transistor in
Bi-CMOS processes. It has better matching properties, and higher speeds but limited availability due to
their complexity and cost. It also needs large silicon area, which makes them unattractive for large
quantity vision chips [05]. In the commercial grade CMOS processes are accessible through fabrication
foundries, such as TSMC, UMC and CMP etc. Finally, GaAs processes have been used only to a very
limited extent due to technological immaturity and process and they are generally expensive. These opto-
electronic devices are only available in very specialized processes [05]. In this section we will briefly
discuss about CCD sensor technology and then CMOS imaging technology that is our Image sensor
interest.

2.6.1 CCD Image Sensor technology:

Charged Coupled Devices are the dominant technology for image sensor. Therefore from the beginning
research has been mainly focused on CCD technology. The device architecture based on series and
parallel connection of capacitors, which are made using a dedicated semiconductor process and switched
it by clocked signal at different phases. CCD technology has some limitations in its fundamental
operation—the need of nearly perfect Transfer Efficiency (CTE) imposes a great impact on CCD
performance. The other considerable limitations of CCD technologies are: [24, 28].

a) Risk to radiation damage.

b) Required complex high speed shifting clocks for its operation.

c) Larger operational power required due to high speed switching.

d) Difficulty in achieving large array size.

e) Difficult to integrate on-chip electronics because of specialized non-standard.
f) Limited frame-rate of CCD and difficult to extend the spectral range.

2.6.2 CMOS Image Sensor technology:

CMOS imagers began to be a well-built alternative of CCD since early nineties. The most important
feature that would satisfy by this technology is the demand for low-power, miniaturised and cost-effective
imaging systems. It also offered the possibility to monolithically integrate a significant amount of
integrated electronics on-chip that incorporates all necessary camera functions and reduces component
and packaging costs. CMOS processes are well established and continue to become more mature. The
demand for digital applications has led to continuous development and attributed to down-scaling of
CMOS processes. CMOS processes are now readily available for prototype designs through fabrication
foundries, such as TSMC, UMC etc. Circuit and system design by this process is supported by CAD
design software such as Cadence. Recently several modifications to standard CMOS technologies to
improve their imaging performance have been reported [29]. To improve the photosensitivity, non-
silicided deep junction diodes and integrated micro lenses are used. The doping profiles of these diodes
are optimised to increase quantum efficiency at visible wavelengths and to lower capacitance. To
minimize the dark non-silicided, double-diffused source/drain implantation is used. Besides these
advantages of CMOS vision chip technology it has some disadvantages too.
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b)

©)
d)

Leading-edge processes of the chip are driven by digital applications and less optimization
for analog circuit design [05].

As the gates of all pixels are connected in parallel on a given column that increase the
column-bus capacitance, thus affects the read out speed and read out noise [30].

Non- uniformity arises due to multiple levels of amplification at pixel and column level.

Due to the mismatch of CMOS devices fixed pattern noise is introduced.
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Chapter - 03

State of the art of 3D imaging

3D measurement techniques are concerned with extracting information from the geometric evaluation of
three co-ordinates (x, y, z) and the texture of the visible surfaces in a scene. The complete 3D information
can be realized acoustically by ultrasonic sound and radio frequency electromagnetic waves or optically
with light. In all methods, a signal travels from the respective sources of the methods to a target and the
distance measurement can be calculated based on the properties of the reflected signal from the target.
Comparing with the acoustic and RF wave methods, the optical methods are more reliable in terms of
high resolution and accuracy in the distance measurement [31].

Due to the drastic increase in demand of 3D imaging system, recently a lot of effort has been concentrated
to develop a standard 3D imager. The 2D-imaging system can evaluate only the intensity projection of a
scene, there is no information about the depth of the 3D objects. Several approaches have been proposed
on image capturing techniques using specialized photo detector coupled with depth measurement system
of 3D object. A much more practical range measurement method is the Time-Of-Flight (TOF) principle.
In time-of-flight optical ranging, the phase information is used to plot the distance map of the observed
scene, thus enabling the reconstruction of the shape and position of the observed objects[32]. TOF
systems are further divided in different subcategories which are pulsed modulated, continuous wave
modulated and pseudo-noise coded TOF. TOF technique provides the best performance in terms of
acquisition speed, reliability, overall cost of the system and is most suited to integrate electronic circuitry
with more functionality. Several studies on image capturing techniques using specialized pixels coupled
with active illumination have reported to produce images with information even at a low intensity level
[33, 34].

3.1 Different optical measurement techniques for 3D imaging:

The optical distance measurement methods for 3D range imaging can be classified into two ways, active
range imaging and passive range imaging. The active method uses a coherent light source to project onto
a target and determines the shape of the target by its reflections where as the passive rely on the ambient
environment conditions to get the information of the object. There are some other methods for the
distance measurement such as: the image based methods, the distance can be determined with some
algorithm based on shapes and shades or the respective distances of the different points of the object. The
computer vision research community is largely focused on these methods. Another one is the direct
method that can give the instantly recognizable distance to some points in the object [35].

In optical distance measurement, several studies have reported to produce 3D information including
stereo vision cameras [36], system based on structured light and laser scanner vision system [37]. The
advantage and performance of these systems tend to be mutually exclusive by their own limited set of
situations. Different types of optical techniques for 3D imaging range measurement are available in the
literature. According to the working principle, range and accuracy it can be classified in three categories
such as:

3.1.1 Triangular Method

3.1.2 Interferometry Method
3.1.3 Time-of-Flight Method

All of these above techniques mostly work with light in the 400 nm to 1000nm wavelength range
belonging to visible light and near infrared region.
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3.1.1 Triangular method:

The distance measurement by triangulation method analyzes a triangle by trigonometric approach. A
target on a visible surface is one point of the triangle; the remaining two points are obtained by using two
optical systems. The distance between two optical systems is the baseline of a triangle that can be
calculated. So the two projection lines of two optical systems in the target can construct the triangle.
These two optical systems can determine the two different angles between the baseline and projection line.
The distance of the target can be determined using trigonometric formula. There are two main types in
triangulation system

3.1.1.1 Passive triangular method [38]
3.1.1.2 Active triangular method [39]

3.1.1.1 Passive Triangular method:

In passive triangular method two optical systems observe the same target from two different points with
respect to the same baseline. Two different points to measure must be identified from both viewing
positions and it requires some good features in the scenes with high contrast. At least two cameras are
necessary to observe the scene from different angles. Assuming that the two cameras are observing the
scene from two different distance points x and y of known value a and the measured viewing angles
between the baseline and the two projection lines of two optical systems are ¢ and 6. Fig.3.1 shows the
passive triangulation method. The distance between the baseline and the target d can be determined by the
trigonometric formula.
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Fig.3.1: Passive triangulation method.

Stereovision technique refers to the passive triangulation method [36] and produces 3D information from
at least two slightly different 2D images. This technique is similar to aspects of the human visual process,
where the human eyes are two view points used for the acquisition of images of the same scene. As the
distance between the two eyes results in slightly different 2D images, this phenomenon is used in the
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stereovision to construct the 3D images. The typical features of both images captured by two cameras are
compared with the help of 2D correlation. The viewing angles between the baseline and projection line of
the camera ¢ and 0 can be deduced and the distance can be calculated using the equation 3.1. The
stereovision system can build the dense depth maps. The system components are highly reliable since it
requires no moving parts. It also captures the entire frame at the same time so that the depth of map of all
pixels can be calculated from the same perspective. The shadowing effect is the typical disadvantage of
the stereovision system like other triangular systems. Although it can be minimized by using more than
two cameras in order to increase the multiple viewpoints, this improvement also increases the data
processing and overall cost of the system.

3.1.1.2 Active Triangular method:

This technique consists of one light source and one camera [39]. The light source is projected to a target
which is observed by a camera. In this method, two similar triangles are formed; based on the optical axis
of the imaging device, the focal length of the system and the position of the projected point on the camera.
Fig.3.2 shows the active triangulation method. Considering the distance between the light source and the
camera is a, so the distance d of the target can be determined by
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where 4 is the focal length of the camera and a'is the projected distance.
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Fig.3.2: Active triangulation methods.

The basic phenomena of this method, a focused beam of light illuminates a tiny spot on the surface of the
scene and a camera records an image of the spot. This technique gives a single range point. Moving the
light spot using mirrors allows the surface of the object to be scanned. If the position of the light source,
the orientation of the project plane and the triangulation distance (baseline separation) of the laser and
camera are all known, the depth information from all points on the object can be determined. The
limitation of this approach is that it needs to capture many frames while sweeping the light over the object
and thus increasing the long processing time to get the full depth of information from the whole 3D scene.
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3.1.2 Interferometry:

Interferometric distance is described by the superposition of two monochromatic waves of the frequency
but with different amplitude and phase [40]. When two light waves are superimposed, the resultant
intensity at any point depends on whether they reinforce or cancel each other. This is a well-known
phenomenon of interference. Consider two monochromatic waves of complex amplitudes X;(r) and X,(r)
are superposed, the result is a monochromatic wave of the same frequency and complex amplitude

Xr)=X,(r)+X,(r) oo oo co o033

where X, = \/Z exp(j6,) and X, = \/Z exp(j6,) are the complex amplitudes of the two waves. As

we know that the optical intensity of a monochromatic wave is the absolute square of its complex
amplitude, the resultant intensity is therefore

1=|x|’
=|X, +X,|
=X XL XX, XX 34

The explicit dependence on r has been omitted for convenience. Substituting X; and X in equation 3.4,
we obtain

I=1+1,+2\,+1,)cos@ .....................35

The above equation is called the interference equation, where /; and /, are the intensities due to the two
waves acting separately and 0 = 0, — 0, is the difference between the two waves.

Interferometer is an optical instrument that split a light beam into two parts by a beam splitter and travels
two different paths. One ray is projected to a mirror and the other is targeted on the object of variable
distance. Both light beams are reflected back to the beam splitter and projected onto a camera. When
those reflected beams are made to cross each other, the region of crossing will exhibit an interference
fringe. By recording and counting the minimum and maximum transitions in the interference of light
wavelength, the distance between the optical system and the target can be measured.

Consider the superposition of two plane waves, each of intensity /,, propagating in the z direction and

assume that one wave is delayed by a distance / with respect to the other, so that X, = /1, exp(—jkz)

and X, = /1, exp[—jk(z—1)]. The intensity / of the sum of these two waves can be determined by
substituting /,=1,=I, and 8=kl=2zl/J. in the equation 3.5,

1 :210[1+cos(27z%)] e e e e e e 3.6

The dependence of the intensity / is the superposition of two waves, each of intensity I, and on the delay
distance /. When the delay distance is a multiple of A, complete constructive interference occurs and the
total intensity becomes /=4[). On the other hand, if 1 is an odd integer multiple of A/2, thus the
interference is destructive and the average intensity is the sum of the two intensities 2/).

Some common types of interferometer setup can be found, for example the Rayleigh interferometer, the
Michelson interferometer, the Mach-Zehnder interferometer and the Sagnac interferometer [41, 42]. The
main disadvantage of classical interferometer is that the unambiguous distance range is as low as half of
the wavelength and absolute distance measurements are not possible with this method. To overcome these
drawbacks different types of techniques have been proposed in literature such as: Multiple-wavelength
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Interferometry [40, 43], electronic speckle pattern Interferometry (ESPI) and white light Interferometry or
low-coherence Interferometry [44]. Interferometry requires accurate optical alignment for precise
measurements over small distances ranging from micrometers to several centimetres.
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Fig.3.3: Set up of Interferometry Method

3.1.3 Time-of-Flight (TOF) method:

The distance measurement by the Time-of-flight method is an alternative to the triangulation method.
TOF technique is based on the measurement (either direct or indirect method) of the time needed for an
optical signal to travel from a source to a target and back to a sensor [37]. This is called the round trip
transit time (#,). Since the velocity of light is known, we can convert the time measurement into a two-
way distance measurement according to the equation,

where d is the distance of the target and c is the speed of light. TOF systems are further divided in
different subcategories; three methods to accomplished TOF range imaging which is pulsed modulated,
continuous wave modulated and pseudo-noise coded TOF. The advantage TOF technique provides the
best performance in terms of low cost, real time imaging, dynamic range and is most suited to integrate
electronic circuitry with more functionality.

The distance measurement by the TOF method is an alternative to the triangulation method. This
technique is based on the measurement of time; an optical signal is travel from a modulated light source
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to a target and back to a sensor. Each pixel in the sensor device is capable to detect the phase of the
reflected light. This range can be determined by measuring the phase angle (6,) between the transmitted
signal and the received signal. This phase angle can be related to a time delay ¢,.. The relation between
phase angle delay 6,, modulation frequency f.,.q and time delay ¢, is

0.
fo=— e (38)

' 27.me0d .

where time delay ¢, is equal to the round trip transmit time in second, 8, is measured in radians and fq 1S
in Hz .

The distance d between the sensor and the target is achieved according to the equation (3.7) and (3.8). So
the distance d can be achieved by using the relation:

O e e e e e 3.9)

d= .
47#‘m0d

Fig.3.4 shows the TOF method for distance measurement. Therefore, as a general rule, it can be stated
that the modulation frequency should be adjusted based on the maximum target distance, with considering
that reflective object beyond the non-ambiguous range are frequently aliased [45].

R OSSO :

]

Incident light Ix(t) = sin2zft

Target

Reflected light Ix(t) =Izsin(2nft-0)

Image Sensor

Fig.3.4: Time of Flight Principle

Fig.3.5 shows a scheme of the phase shift measurement principle. In this figure C is the amplitude of the
transmitted modulated signal from a light source, B is the mean intensity of the received signal which is
reflected from the object and A is its amplitude. The received signal is offset-shifted in intensity with
respect to the emitted signal due to the additional background light [46].

A single phase measurement requires the acquisition of four amplitude measurements with four different
phase delays applied to the received signal i.e. the signal is sampled four times in each cycle, at 90° phase
angle. From the four samples (4, 4;, 45, A;), the parameters A and B and the phase ¢ can be calculated:
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Fig.3.5: Phase shift measurement techniques

According to the different mode of operations the TOF measurement can be classified into three groups

3.1.3.1 Pulsed Modulation TOF technique
3.1.3.2 Continuous wave (CW) Modulation TOF technique
3.1.3.3 Pseudo-Noise Modulation TOF technique

3.1.3.1 Pulsed Modulation TOF technique:

The pulsed laser operation is the most useful method of operating a Time-of-Flight technique system. In
this system there are devices with a pulsed laser and a custom imaging integrated circuit with a counter
behind every pixel. A light pulse is sent out and its turn around time is measured by correlation of start
and stop signal with the parallel running counter. This technique can produce depth values for each pixel
on every frame. The advantage of using pulsed light technique is that a high amount of energy can be
transmitted in a very short time. Thus the influence of background illumination can be reduced. It also
attains a high short term optical signal-to-noise ratio while maintaining a low mean value of optical power.
As the optical threshold is changed with the surface distance of the object and the atmospheric attenuation
leads to dispersion and flattens the slope of the received pulse thus it makes the problem for the receiving
path is to detect exactly the arrival time of the backscattered light pulse. The advantage of using pulsed
light modulation is that it enables the measurement of the long distance. However it requires a receiver
with high dynamics and a large bandwidth. Due to some advantages the TOF rangefinders are operated
with pulsed modulation [47].

3.1.3.2 Continuous Wave (CW) modulation TOF technique:

Continuous wave (CW) modulation also is used in optical ranging systems. Different shapes of
modulation signals such as sinusoidal waves or square waves can be used for this mode of operation and
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extremely fast rise and fall times are not required like pulsed modulation. As we know the modulation
frequency, the measured phase delay directly corresponds to time-of-flight. Compared to the pulsed
modulation, the phase difference between the transmitted signal and received signal is usually measured
rather than the directly measure the echo of light pulses turn-around time. As in the case of pulsed time-
of-flight systems, continuous wave-modulation systems have a maximum unambiguous range. This range
is limited to that which causes a phase delay in the sine wave of one complete cycle. The highly accurate
ranging systems often have several modulation frequencies. The lower-frequencies are used to prevent an
ambiguous range measurement. The higher-frequencies are used for more accuracy. Similar to the optical
interferometry, the transmitted modulated light signals of a phase delay 7, reflected from the object is
mixed and correlated with the reference signal at the receiver, thus we can have the total depth
information of the target:

e
I = () *g(t-0= lim —— LTS(t).g(t—T)dt ......... (3.13)

Let’s consider the reference signal and reflected light signal from the object is s () and g (2) respectively.
If we ignore the nonlinear effects and the noise behaviour of the systems and assume the sine wave
modulation

S(t) =ap+ a, .cos (wot) ... ... ... ... ... ...(3.14)
The reflected signal g(t) can be written with the time delay .

gt)=a'yta', .cos [wytT)] ... ... ... ... ... ...(3.15)

The correlation function /(z) can be calculated as

=A. [ay + a,, .cos (wet)] *[ a'y + a',, .cos (wy (t-T))]
=B. [1+M. cos(wgt)]

where A4 defines the system attenuation factor and

B=A.a0.a’0
1l a .a
M=— 1"
2 aya,

Different types of methods can be used to determine the time delay z. Heterodyne technique (frequency
shifting), homodyne technique (phase shifting) and FM-chirping modulation technique are the most
applied CW- modulation techniques [48]. If we consider the ranging distance of the system less than the
half of the RF-wavelength the ambiguity problem is reduced. The accuracy of CW ranging systems is
limited by the frequency of the modulation signal; accuracy of the phase-measurement loop that depends
on signal strength, noise, and so on; stability of the modulation oscillator and variations in the index of
refraction of the air.

3.1.3.3 Pseudo-Noise Modulation TOF technique:

Pseudo-noise modulation technique is the combination of Pulsed modulation and Continuous wave
modulation technique [49]. These are periodic, deterministic and binary sequences with a noise like
waveform. As it also known pseudo-random, it looks randomly for the user who does not know the code.
This Technique gives some advantages over the other two TOF techniques. It gives better optical signal-
to-background ratio and larger freedom in choosing modulation signals and components. As it requires
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the low mean value of optical power that increases the safety of eyes. Due to these features, Pseudo-noise
modulation technique is widely used in the TOF ranging systems.

3.1.4 Comparison between the main optical techniques for Range measurement:

Optical techniques for 3D imaging according to the operation principle, the range and the accuracy can be
grouped in the three categories: Triangulation, Interferometry and time-of-flight are described in the
previous section. Table: Il summarizes comparative study of the different optical measurement techniques.
The most important parameters of these systems are the measurement interval and the depth resolution.
By using the Interferometry technique the highest resolutions can be achieved and the measured range up
to 10m using multi-wavelength technique. However, for this technique very accurate optical alignment is
required and these are very expensive systems.
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Fig.3.6: Relative resolutions of three types of 3D optical measurement methods.

In the case of triangular method the measurement range is up to several meters where the accuracy
depends on the depth of field and it can be less than 10um for small depths. The miniaturization of the
complete system reduces the baseline of the triangular thus reducing the accuracy of the system. These
systems with the scanner are also expensive and bulky. The time of Flight technique is completely
different than other optical ranging measurements. These techniques allow the range measurement from
tens of cm up to tens of km. Compare to the other techniques this system is compact, cheaper and the
measurement accuracy is steadily improving. The advantage and performance of these ranging techniques
presented here tend to be mutually exclusive by their own limited set of situations.
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Table II. Comparison between three optical measurement systems

Triangulation m/d

Interferometry m/d

Time-of-Flight m/d

Measurement Interval 1 mm~ lkm Imm~1m 10cm~10km
Accuracy 100nm-10um 0.1lnm~1um Imm~Im
Advantages Good accuracy Excellent accuracy Compact and rugged
system, low cost, real
time image is possible,
High dynamic range.
Disadvantages System with scanner, = Required accurate optical Low accuracy

expensive, heavy and
low acquisition speed.

alignment, expensive, low
acquisition speed

3.2 Time-of-Flight (TOF) based 3D vision sensors:

In recent years, a new generation of active cameras based on the Time-of-Flight principle (TOF) has been
developed. This technique acquires the possibility to get data at video frame rates and achieve 3D point
clouds without scanning and from just one point of view. TOF based cameras usually deliver an
amplitude image and a range image with infrared modulation intensities at video frame rates: the
amplitude image contains for each pixel the strength of the reflected signal from the object, while the
range image contains for each pixel the radial measured distance between the considered pixel and its
projection on the target object. In some cases an intensity image is also delivered, which represents the
mean of the total reflected modulated signal and background light of the observed scene incident on the
sensor. Several types of TOF based 3D imaging techniques have been demonstrated in previous research
works in the scientific literature. The state of the art of TOF based 3D imagers so far reported can be
divided in different categories, differing for the type of photodetector use in the pixels:

3.2.1 Standard photodiode is coupled with complex processing circuit:

A standard photodiode coupled with complex readout circuitry is proposed and the indirect time-of-flight
is used [50-53]. The scene is illuminated with a train of short (~10s of ns) LASER pulses; the back-
reflected light pulses are acquired in each pixel of the sensor through one or more temporal integration
windows synchronized with the LASER pulse trigger. This approach can yield an accuracy of a few cm
over a maximum range of a few meters. The disadvantages of this approach are- the pixel size, that is
quite large due to the number of transistors and capacitors required for signal read-out and
processing circuits and the power consumption, so that it is impossible to realize large two-
dimensional arrays.

Fig.3.7 shows an ITOF based real time 3D imaging system with standard CMOS photodiode [53]. The
laser source is pulsed by the sensor, which is a bi-dimensional array of pixels. A lens is placed in front of
the emitter to obtain the proper illumination of the scene, while a camera objective is used to focus the
scene onto the detector matrix. A pulse train is emitted for pixel-level signal accumulation and white
noise averaging. The first train is integrated according to the timing W; and the second one by means of
the timing W, as shown in figure. Depending on the time-of-flight of the photons reflected by the points
of the scene, pixels looking at close objects get their photons earlier than pixels focused on further details;
in this case a bigger part of the reflected is lost. For a specific pixel the distance information can be easily
extracted by dividing the signals collected after the integration of two pulses. Thus the measured results
are independent from the reflectivity condition of the focused point.
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Fig.3.7: Pulsed I-TOF ranging Technique [53]
3.2.2 Photo-demodulator fabricated with special technologies:

The key element of 3D range camera, the photo demodulator is implemented with different types of
special technologies such as: CMOS/CCD, CCD and non standard CMOS or hybrid approach. In this
demodulator the photogenerated charge is ‘mixed’ on two or more photo-gates thus achieving an intrinsic
demodulation effect [54-57]. The advantage is the read-out channel simplicity which results in a small
pixel size. The disadvantages are the lower sensitivity due to the presence of the “photo-gate”, the lack of
immunity to the ambient light and the cost of the non-standard technology. The CMOS/CCD based TOF
range 3D imager is proposed [54]. The pixel size is 65um x 21pm and the optical fill factor is more than
20%. Fig.3.8 shows the cross sectional view with potential distribution. By applying the suitable gate
voltages to the Photogates, the potential gradient in the semiconductor can be influenced. If the voltages
of the photogates are changed synchronously with the modulated incoming light, the generated charge
carriers can either be integrated under the integration gate or are dumped to the dump diffusion. This
process can be repeated until the integration gate has accumulated a sufficiently large signal. Each pixel
has its individual amplifier, which can be randomly accessed and reset over on chip address decoder. At
20 MHz modulation frequency, the maximum measurable range of this imager is 7.5m and the achievable
ranging accuracy of better than Scm over the full distance range.

A similar sensor fabricated in CMOS technology and consisting of 64x64 pixels with chip ADC has been
developed and commercialized by Canesta Inc [58]. This sensor takes advantage of device-level charge
processing to efficiently realize TOF. The sensor has a 64x64 pixel array and is fabricated on a single
chip using ordinary, low-cost CMOS process. The sensor chip also integrates an ADC and circuitry to
generate the high-speed modulation signals. The sensor achieves a depth resolution of a few millimeters
and frame rates of up to 50fps. The sensing part of the imager design is the special pixel structure.
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Fig.3.8: Cross sectional view of the CCD part (IG: integration gate
PGL/PGM/PGR: left/middle and right photogate) [54]

Fig.3.9 shows the cross-section of the pixel. The differential structure accumulates photo-generated
charges in two collection nodes using two modulated gates. The gate modulation signals are synchronized
with the light source and depending on the phase of incoming light, one node collects more charges than
the other. At the end of integration time, the voltage difference between the two nodes is read out as a
measure of the phase of the reflected light. Thus the pixel simultaneously performs the function of mixing
and low pass filtering.

Reflected light

Gatel=High l l l Gate2=Low

— Differential output voltage —_————
Fig.3.9: Cross section of a pixel [58]

Based on photo-demodulation a sensor is reported [59], which is fabricated by a modified CMOS process
to improve the charge mixing efficiency. It provides very good results in terms of pixel size that is 15 um
pitch, 336x252 array size and has an accuracy of about 5cm over a range up to 3m. A novel photo
demodulator is proposed [60], which exploits the electric field resulting from the presence of different
poly silicon gates each one biased at a different voltage, so as to rapidly mix the photo-generated charge
carriers. The reported pixel, fabricated with a 0.6pum CCD/CMOS technology, has a 40um pitch and a
25% fill factor; the distance measurements are achieved in the 50-350 cm range with an accuracy of about
15cm.
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3.2.3 Single Photon Avalanche Diode (SPAD) based Imager:

The detector array based on single photon avalanche diodes (SPADs) operating in Geiger mode,
measuring the arrival time of the detected photon accurately and are therefore effective in computing TOF
of very small optical power even when the source is diffused over a wide cone of light. This approach
becomes attractive with the recent integration of SPAD arrays in standard CMOS technology [61]. The
cross section of a single photon avalanche diode with readout circuit is shown in Fig.3.10. A quenching
resistor R-poly in series between the cathode of the diode and Vppand a comparator are integrated with
the SPAD. The diode is formed at p+/n-well junction, where avalanche multiplication takes place. A
guard ring is surrounded around the junction to prevent edge breakdown which is obtained by inter
diffusion of two n-wells. When a photon reaches the avalanche region a primary electron-hole pair is
generated. After the beginning of the avalanche process begins a strong current flow in the junction
causing a voltage drop across R-poly. Using the proper voltage V, at node A, the inter logic switches
state stop the avalanche. Once the avalanche current is quenched, the parasitic capacitance starts to
recharge and the voltage V, increases again to Vpp. The total time for the quenching and recharging
process determines the lowest possible time interval between detectable photons. This time constant is
called dead time.

Vop Vop GND Vout Voo

Avalanche
region

p-well

p-substrate

Guard ring . CMOS-electronics
(inter-diffusion) Photodiode Quenching

Fig.3.10: Pixel cross sectional views with Readout Circuit [61]

In [62] a 64 x 64-pixel array is reported having a 58um pitch but the fill factor is 1%. The distance can be
measured on a range of 3.75m with an accuracy of about 2mm. The main limit is that each pixel must be
addressed serially, thus delaying the measurement, along with the need for an external time-to-digital
converter. The solution proposed in [63] solves these problems and present an analog time-measuring
circuit in each pixel, but owing to the amount of processing electronics in the pixel only linear arrays are
feasible. The pixel size is 38x180 um” and each pixel consists of a single photon avalanche diode, a
dedicated read out circuit for the arrival-time estimation of incident light pulses. The photodiode is biased
above breakdown voltage so that high sensitivity can be achieved exploiting the avalanche phenomenon.
The sensor array provides a range map from 2m to Sm with a precision better than 0.75% without external
averaging operation.

3.2.4 Photo Mixing Device (PMD) based Imager:

A range of powerful contributions to dynamic 3D-vision, the Photonic Mixer Device (PMD) is an
interesting solution that is reported in [64]. The Photo Mixer Device (PMD) combines the process of
optical signal conversion and the mixing and correlation process that enables the detection and time of
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flight measurement. The charge transfer mechanism of photo mixer device is comparable to that of
surface channel charge coupled devices (CCD) with significant differences that have to be considered. In
Charge Coupled Devices (CCD) the charge will only be moved in one direction. In the PMD the direction
of the charge movement depends on the electrical reference signal. It is changed into push pull signals
that are applied to the modulation electrodes. Photogate PMD doesn’t storage charges; it serves for a very
fast modulated transport and readout. Different implementations of the PMD principle are under
development and provide a new family of PMD-detectors which are going to realize the dynamic 3D-
vision. The Photo Gate (PG) -PMD is the first implementation of the PMD-principle in low cost CMOS
technology. Fig.3.11 schematically illustrates the cross-section of a PMD receiver. The PG-PMD is a
low-noise and low-dark-current device, being capable of demodulating very low optical signals at photo
current levels.
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Fig.3.11: Schematic illustrates the cross-section of a PG-PMD receiver [64].

Another PMD implementation is described in which are similar to the PG-PMD but the photo gates are
replaced by widening the metal shields ME (Metal Electrode) of the read out electrodes. The main
advantage of the ME-PMD is the achievement of an optimized and more homogeneous drift field. It also
increases the modulation bandwidth and the device sensitivity is improved by avoiding the optical
attenuation of the semitransparent photogates.

Finally, another interesting solution employs a Metal-Semiconductor-Metal photo-detector [64, 65]
having a high modulation bandwidth but the sensor is not compatible with CMOS technology and the
pixel dimension is 250um which is quite large with low fill factor. Typical MSM photodiodes implement
in a slightly doped semiconductor bulk with interdigitated metal fingers on top. The selected
semiconductor and metal have work functions leading to a Schottky contact. Fig.3.12 shows a schematic
of a typical MSM PMD photodiode. Basically, modulation functionality is achieved by varying the
applied bias voltage across the Schottky contact. This results in sensitivity or gain modulation of the
device. The photo current polarity of this symmetrical photo diode depends on the polarity of the supply
voltage +u,,. The average of photo current of the non-correlated background light goes to zero on both
coupling capacitors C,. The required correlated photo current leads to a unidirectional photo current
causing an anti-symmetrical charge on C,,, and C,;,. This current is collected by the readout circuitry over
a low pass filter to separate the high frequency modulation voltage.
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Fig.3.12: Cross-sectional view of finger structure MSM-PMD [64]
3.2.5 Gates-on-Field Oxide structure based CMOS Range Image Sensor:

To achieve TOF based charge integration, the proposed pixel utilizes polysilicon gates on field oxide to
realize high-speed charge transfer structures, while maintaining the compatibility to standard CMOS
process [66]. In the proposed charge draining structure, charge due to background light, which is mixed
into the signal charge, is reduced by using a small duty-cycle light pulse and draining the charge for most
of the time in one cycle. Fig.3.13 shows the cross-sectional view and layout design of the proposed
device. The photogate, PG is the photosensitive region of the pixel. Aside from PG, the other gates are
used to control the direction of photoelectron flow according to their TOF. TX1, TX2 and TXD are also
polysilicon gates placed on field oxide. FD1 and FD2 are floating diffusions used to collect signal charges
from PG through transfer gates TX1 and TX2 respectively. Unwanted background light induced
photoelectrons are transferred to the two charge drains through the charge draining gates TXD.
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Fig.3.13 layout design of a Gates-on-Field Oxide structure based Imager [66]
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The proposed CMOS TOF sensor consist of 84672 pixels with a gates-on-field oxide structure with fill
factor of each pixel is 19%. Range measurements are achieved by TOF dependant charge separation. A
new range equation is developed for this technique and for the first time the dependency on range
resolution to PSN is mathematically derived, calculated, and proven through measurements. A linear
distance range between 1.6—12.3m measured to 1.9% accuracy is achievable for a constant measured
signal intensity of 0.55 V. The best range resolution measured is 2.35 cm with light pulse width of 100 ns
at 30 fps.

3.2.6 Field Assisted CMOS Photo-Demodulator based 3D imaging:

In this novel device [67], owing to the presence of an electric field resulting from the flow of a majority
carrier current between two modulation electrodes V,q; and V4, the photogenerated charge is guided
towards two collection electrodes V.4, and V4. The majority carrier current and the electrical field are
induced due to the potential difference between two modulation electrodes. The induced electric field is
guided the photo generated charge towards one of the two collecting electrodes. A very good responsivity
of 0.32 A/W at 860nm and high demodulation efficiency of about 99% at low frequency can be achieved.
Fig.3.14 shows the schematic of a field assisted photo-demodulator.

Vcdl del nght dez Vcd2

227
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Fig.3.14 Schematic cross section of a Current Assisted Photonic Demodulator.

The readout of the collected charge at the two electrodes can be done in charge-integrating mode as in
conventional photodiodes and the circuit complexity of the pixel can be reduced. The device sensitivity
can be optimally adjusted as a function of the incident optical power by adding one control electrode that
is particularly useful for imaging deep scenes [68]. The main drawback of this device is the power
dissipation arising from the modulation current of the device. A trade off between speed of operation and
power dissipation is necessary when dealing with large 2D pixel arrays. Another field-assisted charge
collection mechanism has also been proposed for other active pixels to be used for charged particle
tracking and electron microscopy [69].

42



“JULIIND UOHB[NPOW Kouaro1fJo Joje[npowa( [89] 1812
o) woJy JursLe uoneMpowap Y3y K3oroutod o100y OAOUOMNIIN
uonedIssIp 1omod ‘KIATIISUDS POO3 ATOA a/N A 67x0¢ /N SO Wl ¢ | PAISISSY JuaLIn)) UBA [Prueq
aImdnns
Kouanbaxy sdjo¢ 18 woGgE'7 A3o1ouyod) PIXO— [99] 1819
UOnE[NPOUr J3MO'T uonn[osar oguey %61 L GTxgT Kewre 767x9¢€ | SOWD wrl 6g'0 | PRIJ-u0-9jen | onyemey 1foys
“JUSWIOINSBOW wiw 7 Jnoge Jo
oy Surkerop KorINooe Uk Y)IM WS/ ¢ aporpoloyq
sny (A[BLIS PISSAIppe| JO d3UBI B UO PAINSBOW K3oroutod JyouB[EAR [z9] &30
oq isnu [axid yoeq oq ued douUBISI(] %1 ;w86 %8¢ Kelre $9x49 SOND wr 080 uojoyd o[3urg SSB[OIN OUBIISLL)
ae3 15 AJod
*10308J (¥ [eondo ySiy pue A3o[ouyoa} M 2INjonIs
uoneyodsuen; a31eyod isey SOND/AD)D Joje[npowap [09] 130 uaBnng
Anxordwoo jnoke7 | ‘wondunsuoo romod mo %ST 2 op <0t KelIe 4 [ x9L | wi 9°() -0joyq plequiag
pasn
SI A3oour]d9} pIepue)ls A3oroutod
uou Jo 9sneddq A73s0o | 9zrs [oxid [[ews ‘Jouueyo pPLIgQAY oporpojoyd [s] B30
‘AIATIISUDS JOMOT jnopear Jo Ayordurg %ZC w69 %1 Kel1re ¢7x4y9 SOND/ADD ad4£y 9163 010ygq o3ueT 110qoYy
uondunsuod "SI91oW MIJ JO d3uel
1omod 10y3ry WNWIXBW B JOAO WO MIJ K3orouyoa], Jporpoloyq [es]Tere
‘azr1s [oxid a81e] Jo KorInooe ue poIk ue) %02C A £ 18%6'18 Ke1re ()¢ x0S SOND wrige o piepuels eddoig piaeq
10084 uonn[osY A3o[ouyda, adA], Aq padnpo.uy
sagejueapesi(q sagejueApy A IZIS [IXId PXId $S3%0.1J apoipoyoyd JI0SUdS

(21353 Jagewl (¢
Jo s3d4) yudaagIp 91qe L, uostredwo) dueuLIo)1dd [II- dqeL

43



Chapter 04

Test Structures and Characterizations

The test structures provide an easy way to investigate the initial characteristics of a new device. To get a
preliminary idea of current assisted photo mixing demodulator characteristics different topological and
geometrical structures are fabricated in custom process technology at Fondazione Bruno Kessler
(FBK),Trento, Italy. Although this technology is quite different from standard CMOS process technology,
the availability of the geometrical characterizations and process details will allow the simulations to be
optimized. Once the test device satisfies the specific characteristics of operation, a prototype TOF based
current assisted photo mixing demodulator 3D image sensor is designed incorporating full testability
features at device and system levels and fabricated in standard CMOS technology. In the following
section we will describe different types of photo mixing device, its optical and electrical characteristics
fabricated in custom technology.

4.1 High Resistivity Current Assisted Photo mixing Device (CAPD):

The electro-optical mixer in different geometries and topologies based on substrate current modulation is
fabricated in a custom technology on high resistivity silicon substrates [70]. A set of test devices was
fabricated at FBK on high resistivity n-type silicon substrate with 2 x 10'> cm™ doping concentration.
The substrate doping is reduced in order to decrease the modulation current and thus the power
dissipation. Although the use of p-type substrate could lead to a larger bandwidth, these test structures are
fabricated on an n-type substrate in order to get the primary idea on current assisted photonic demodulator
characteristics with a simple fabrication process. Different layouts of test devices are fabricated in FBK
such as: linear shaped CPAD consisting of two collecting electrodes, square shaped CAPD device with
single collecting electrode and multiple collecting electrodes based CAPD device.
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Fig.4.1: Cross sectional view of high resistivity linear-shaped CAPD
4.1.1 Device structure and operation of Linear-shaped CAPD:

The architecture of the linear-shaped demodulator is implemented in custom process technology at FBK.
Two different configurations are fabricated; in one structure (CAPDI1) the distance between two
modulating electrodes is 20um and in the second structure (CAPD2) the distance between two
modulating electrodes is 40um. The width of both p+ and n+ implants is Sum.

Fig.4.1 shows the cross sectional view of the linear-shaped CAPD device. It contains four electrodes, Vg
and Vg, are the collecting electrodes to collect the photo generated charge carriers and V,,; and V,,,, are
modulating electrodes where the potential is applied. The substrate of this device is n-type high resistivity
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silicon to reduce the high power consumption due to the majority current flow in the substrate. The
collecting electrodes consist of two shallow p+ implantation and n+ implantation for the modulating
electrodes. Each pixel must be surrounded by an n+ bulk-contact, shared along the array. This implant is
placed at a minimum distance of about 20um from the pixel boundary. For the better isolation a p+ ring is
also placed around the n+ bulk-contact maintaining the distance of about 20pm. Fig.4.2 shows the layout
design of the linear-shaped CAPD device.
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Fig.4.2: Layout design of the linear-shaped CAPD (a) distance between two modulating electrodes is
20pm (b) distance between two modulating electrodes is 40 um (c) linear-shaped CAPD layout with bulk
and isolation electrodes.
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The electric field is formed in the substrate by applying a potential difference between the modulating
electrodes. When the light impinges on the device, the electric field guides the photo-generated charge
carriers towards one of the two collecting electrodes. In this structure the modulated electric field is not
limited to the surface of the device, thus the collection charge carriers generated deep inside the substrate.
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Fig.4.3: Hole current density of CAPDI1

The behaviour of this device has been investigated by using the device simulator ISE-TCAD. Fig.4.3
shows the hole current density of CAPD1 with a 0.5V voltage difference applied to the modulating
electrodes and a 780 nm light incident on the device surface. Most of the generated holes move toward
the collecting electrode Vy;, guided by the electric field.

4.1.2 Characterization of Linear-shaped CAPD:

For the static characterization, the voltage applied to the modulating electrode V4, is swept from OV to
2V, while the voltage of modulating electrode V,,4; is maintained at 1V. The collecting electrodes are
biased at a constant voltage of 0V. A wide-spectrum lamp was used to illuminate the device. As can be
seen in Fig.4.4, the transfer characteristic shows a good DC charge separation efficiency near to 100% for
the CAPD1 device. The asymmetry in the electrical characteristics is due to the asymmetry to the device
bias.

The average current measurement at the collecting electrodes and the dynamic demodulation contrast of
the test devices CAPD1 and CAPD2 are characterized. In this measurement, the ring voltage (Vyux) has
been maintained constant at 1V.The guard ring (Vjs,) and the collection diode were biased at 0V, which is
shown in Fig.4.2(c). For this measurement two sine wave signals have been used with an arbitrary phase
delay Ag at different frequencies. A function generator is used to generate three sine wave signals with
appropriate synchronization. One of the three signals is used to modulate a laser emitter with an arbitrary
phase delay Ag. The other two signals are connected to the modulating electrodes V4 and V4 with
180° phase shift. Also in this case the collecting electrodes are biased at a constant voltage of OV. To
measure the average current, a 650nm red laser with a flat frequency response within the band of interest
and 87% modulation depth was used to illuminate the test device.
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Fig.4.4: DC Charge transfer characteristic of CAPD1

The current flowing through the collecting electrode was read out with a Pico-ammeter at different
modulation voltages and frequencies. Fig.4.5 shows the demodulation contrast of the photo mixing device
CAPDI1 at different voltages and frequencies. The Demodulation Contrast (DC) in optics is defined as the
ratio between the amplitude and the average value of the measured signal.
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Fig.4.5: Dynamic Demodulation Contrast of CAPD1 at different Voltage

The above figure shows that the obtained demodulation contrast decreases at high frequencies. At long-
wavelength, photoelectrons are generated deeper in the semiconductor which is far from the electrically
active zone need time to reach the demodulating electric field. This temporal delay in arrival time leads to
decrease in modulation contrast for high frequencies. At the same modulating voltage, increasing the
active area of the CAPD basically increases the sensitivity of the device and thus clearly boosts up the
modulation contrast of the device. Fig.4.6 shows the demodulation contrast of linear-shaped high
resistivity CAPD at the different dimension.

47



40

<

- 30 -

g <

c

[@]

O

c 20 -

il

®

=)

8

£ 10

] —e—DC(%) @ CAPD1
—=— DC(%) @CAPD2

O T T T T

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08
Frequency (Hz)

Fig.4.6: Dynamic Demodulation Contrast of two CAPD devices at different geometries

4.1.3 Device structure, operation and characteristics of a Multiple-strip based CAPD:

This device consists of fingered type electrodes i.e. multi tap CAPD device. Fig.4.7 (a) and (b) shows the
cross sectional view and the layout of the device, respectively. It consists of nine detection electrodes.
Among these detection electrodes, the seven central regions (as shown in Fig.4.7 from region 2 to region
8) consist of a detection junction and two substrate contacts. The rest of detection regions contain one
detection junction and one substrate contact, like the region 1 and 9 shown in Fig.4.7.
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Fig.4.7: (a) Cross sectional view of multiple strip CAPD and (b) Device layout

All of the substrate contacts and the detection junctions are connected as shown in the device cross
sectional diagram. Finally this device has four electrodes, two collecting electrodes (V4; and Vy,) that are
connected to the detection junction and two modulating electrodes (V1 and V ;) that are connected to the
device substrate. The collecting electrode Vy; and the modulating electrode V., are connected to the 2, 4,
6 and 8 regions according to the detection junctions and substrate contacts.

On the other hand, the collecting electrode Vi4, and the modulating electrode V.4, are connected to the
region 1, 3, 5, 7 and 9 accordingly. This device is also surrounded by an n+ bulk-contact, shared along the
array and placed at a minimum distance of about 20um from the pixel boundary. A p+ ring is placed
surround the n+ bulk-contact maintaining the distance of about 20pm for better isolation. The total area of
this device is 400pm x 400 um. The distance between the adjacent modulating electrodes is 20 pm.

In this device an effective potential gradient is applied to the multiple modulating electrodes that speed up
the signal charges transferring to the detection regions. The potential AV = V,, ~ V,,,; defines at which
region the hole current is detected. The operational behaviour of the multi tap device is investigated by
using the device simulation software ISE-TCAD. Fig.4.8 shows the hole current density of this device
with a voltage difference applied between two modulating electrodes and a 780 nm light incident on the
device surface. Most of the generated holes move toward the collecting electrode Vg, guided by the
electric field. In this simulation picture, it shows the region 1, 2 and 3 according to the cross sectional
view of the device shown in Fig.4.7.
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Fig.4.8: Hole current density of Multiple CAPD device

The modulating voltage AV allows demodulation of the photonic signal, without having to switch the
totality of the electric field. These results in an increase of the demodulation speed: the carriers are always
guided towards the centre of the device and demodulated there. If V0o > Viear the hole current is
detected in Vg region, for Vi.a > Vmear it moves to the opposite detection region. As the collecting
electrodes for Vg and V4, are not equal, the DC characteristics of this device are not symmetrical as
linear-shaped CAPD. Fig.4.9 shows the DC characteristics of the device under the illumination of wide
spectrum light, it illustrates a good DC charge separation efficiency.
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Fig.4.9: DC characteristics of the device under the illumination of wide spectrum light.

Fig.4.10 shows the growth of demodulation contrast for the multi-tap device as a function of different
modulation voltage. Different demodulation frequencies are considered in this case. Increasing the
modulation voltage in essence increases strength of the electric field and it clearly enhances the
modulation contrast of the device. The area of the multi tap device is larger than the linear shaped CAPD
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device and its modulating potential is distributed over the whole substrate, thus increasing the charge
transfer efficiency and demodulation contrast of this device.
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Fig.4.10: Growth of demodulation contrast for multi-strip device as a
function of different modulation voltage

4.1.4 Non-linearity measurement of the linear-shaped CAPD and Multi-tap CAPD:

A set of phase measurements is performed on the device CAPD1 and multiple strip CAPD devices. In
these measurements a variable phase delay 4¢ is applied between two modulating electrodes and the laser
input to illuminate the device. The value 4¢ of can be recovered acquiring four amplitude measurements
with four different phase shifts 6, — 0, applied to the modulated laser signal. These phase shifts were -
180°,-90°, 0° and +90°, respectively, and the four amplitudes measured, represented by the average DC
currents, 1(0,) — I(6,4), are used in Equation given below to calculate the phase delay 4¢:
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Fig.4.11: Phase linearity measurement (a) for Linear shaped CPAD1 (b) Multiple Strip CAPD

The measurement is performed considering sinusoidal wave modulation signals at 20 MHz, and the
resulting phase is reported in Fig.4.11 (a) and (b) for CAPD1 and Multiple strips CAPD respectively. The
maximum linearity error of linear shaped and multi strip CAPD device is 28% and 3.9 % for sinusoidal
wave modulation respectively.

4.1.5 Device architecture and Operation characteristics of a Square shaped CAPD:

In Fig.4.12 (a) cross sectional view and layouts are shown for the square shaped CAPD implementations.
It consists of a detection region at the centre of the device. This detection region consists of a detection
junction and two substrate contacts. The rest of detection regions contain one detection junction and one
substrate contact. The distance between two substrate contacts, i.e. the modulation electrode, is 20um. As
the substrate contact of this device is not uniform, the applied drift field will not be spread equally over
the sensitive area, thus lowering the speed of the device.
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Fig.4.12: Square shaped CAPD Device (a) Cross sectional View (b) Device layout (c) Hole current
density for square shaped CAPD

This device is surrounded by an n+ bulk ring apart from the pixel boundary of about 20um. A p+ ring is
also placed surround the n+ bulk-contact keeping a distance of about 20um for device isolation as shown
in Fig.4.2 for linear shaped CPAD. Based on the operation characteristics of the square shaped CAPD
device, Fig.4.12(c) shows the hole current density of the device when the voltage at Vmod+ is greater
than Vmod-. According to the CAPD principle and depending on the modulating voltage, holes are
generated by light impinging on the substrate are transferred to the detecting junction. The transfer
mechanism is drift, provided by the electric field induced in the substrate.
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Fig.4.13: DC current at the collection diode of device at two different ring voltages.

The current measured at the collection electrode (Vpd+) of square shaped device under wide spectrum
illumination lamp is shown in Fig.4.13. In this measurement, the ring voltage is maintained constant,
while the modulation voltage is swept from 0OV to 1.5V. The collection electrodes are biased at OV. The
effect of an increase in the ring voltage is a shift of the curve to the right. Also in this case the DC charge
separation efficiency can reach values more than 90%.

The dynamic demodulation contrast is characterized of this device same as before for the other two
devices. A dual-output function generator is used to generate two sine-wave signals with an arbitrary
phase delay Ag. One of the two signals has been used to modulate a laser emitter, while the other is
connected to the input of the dual output pseudo differential amplifier to get an output of 180° phase shift.
The output of this amplifier is connected to the modulation electrode of the square shaped CAPD device.
The DC current flowing through the collection electrode is read out with a Pico-ammeter. The electrodes
are biased as in dc measurements. A 650nm red laser with a flat frequency response from in the band of
interest and near to 90% modulation depth is used to illuminate the test device. A sine-wave modulation
voltage with 500mV and 1V amplitude is applied to the device. The DC current measured at several
phases of the laser modulated signal is reported in Fig.4.14 (a) at 500 kHz and 1 MHz modulation
frequency. In both cases an excellent fit is obtained using a sine-wave signal.
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Fig.4.14: (a) Measured average current at two modulation frequencies (b) Measured Demodulation
Contrast

The ratio between the amplitude and the average value of the measured sine-wave known as
demodulation contrast is reported in Fig.4.14 (b) as a function of frequency, taking into account the effect
of the laser modulation depth. The low value of dynamic demodulation contrast with respect to measured
DC contrast could be explained by the presence of holes generated in the chip outside the active device
area reaching the collection electrode by diffusion. A metal screening of the other light sensitive areas
would therefore improve the measured device characteristics.

On the basis of the outcome of device simulation and the preliminary results of the test devices, which
were fabricated by FBK, a linear-shaped demodulator model seemed suitable for further investigation in
terms of small device size, moderate fill factor and overall device performance. A behavioural model has
been developed for the current demodulator, suitable to be incorporated into a circuit simulator cadence
and adopted for simulating at circuit level with read out channel. The numerical device simulation results
and the results from the circuit simulations have shown a very good agreement in both DC and transient
analysis. The result of the electrical and optical characterizations will be used to optimize the devices, and
also it helped us to design a CMOS based current assisted photo mixing demodulator.
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Chapter-05

Current Assisted Photo mixing Demodulator in standard CMOS
Technology

CMOS imaging technology provides the potential to integrate image processing and it is capable of
achieving substantial image data. The presented CMOS optical ranging sensor makes use of a current
assisted photonic mixing device with an integrated circuit to measure time-of-flight. In this device, an
electric field is used to drive photo generated minority carriers from deep into the substrate towards a
collecting junction. This picks up detector sensitivity and speed, and allows large sensitive area. As a test
vehicle, 10x10 pixel arrays have been fabricated with a 0.18um CMOS technology. Remarkably, small
pixel size of 10x10 pm’ has been achieved. In this chapter, the device charge separation efficiency and
demodulation capabilities are described up to modulation frequency larger than 20 MHz. The impact of
important parameters such as wavelength, modulation frequency and voltage on this test device is also
experimentally evaluated in this chapter.

5.1 Device Architecture:

The device functionality of the Current Assisted Photon Mixing Demodulator is investigated using the
finite element software ISE-TCAD and the code DESSIS 8.0 (Synopsys Inc.) in order to evaluate the
device capability of reaching the required high responsivity as well as high demodulation bandwidth.
Both DC and dynamic performance are simulated. This simulation is adopted, in particular for, i) the
comparative evaluation of different technological options, such as substrate doping for power
consumption reduction and junction depth ii) the device geometry and layout, by comparing different
layout topologies including linear, interdigitated and circular structures with optimizing of each topology
in dimension and spacing of charge collecting and charge modulating electrodes and iii) finally predict
the effect of an additional n-type electrode for sensitivity control and dynamic range enhancement.

A schematic cross section of the fabricated device is shown in Fig.5.1. It contains four electrodes: C1 and
C2 are the electrodes aimed at collecting the photo generated charge carriers, whereas M1 and M2 are the
modulating electrodes where the potential is applied.

Cl M1
p-well

p-epi layer

p+ substrate

Fig.5.1: Device Cross sectional view (not to scale).

The simulator solves the drift-diffusion transport model. Photo-generation effects are accounted for by
including appropriate terms into the carrier continuity equations [71]. The photonic mixing demodulator
is fabricated in 0.18um standard CMOS technology. Process details such as layer thicknesses, junction
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depths and sheet resistances have been integrated into simulations as accurately as possible, by relying on
information provided by the silicon foundry. The 3D simulation domain of a photodemodulator is shown
in Fig.5.2 (b) for a 10x10 pm* pixel. Fig.5.2 (c) and Fig.5.2 (a) show the corresponding top and ISE-
TCAD cross-sectional views respectively. Thickness and resistivity of the p-type epitaxial layer are 7 um
and 20 Qcm respectively. The distance between the two modulation junctions is 4 um for the 10x10 um®
pixel. Detecting junctions are kept at the minimum distance from the adjacent modulation junctions
allowed by the technology. The area of the optical window is 6x4 um’, the remaining pixel area being
covered by a metal light shield. The fill factor is 24%. Different structures have been evaluated, having
different pixel pitch and corresponding M1-M2 and C1-C2 distances. The 10x10-um” pixel shown in Fig.
5.2(b) is the smallest that has been taken into consideration. Decreasing the distance between M1 and M2
increases the device bandwidth [67]. This allows the higher frequency operation. This comes, however, at
the expense of reduced DC demodulation contrast (for same power consumption) as a consequence of the
decreased ohmic drop and electric field between the two modulation electrodes.
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Fig.5.2: (a) Cross-sectional view (b) 3D geometry of CAPD and (c) top view of the CAPD pixel. In (a)
the SiO, passivation layer is omitted.

As shown in Fig.5.2 a p-well region surrounds the CAPD, while n-well regions are placed at the four
corners of the simulated structure. In actual pixels, these p- and n-well regions contain readout transistors
accomplishing output current integration. It is important to include the effects of p and n-well regions into
simulations for two reasons: (i) n-well regions act as electron collecting junctions potentially competing
with C1 and C2; (ii) p-well regions perturb the demodulating electric field applied through M1 and M2
and can therefore adversely impact the demodulation contrast. Device simulations actually allowed us to
define a pixel geometry that minimizes the detrimental effects resulting from both (i) and (ii).
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5.2 Operation principle and Charge transfer:

The Current Assisted Photonic Mixing device is based on a majority current associated drift field. With
zero voltage applied between M1 and M2, due to the symmetry of the structure, equal amounts of
photogenerated electrons are collected by C1 and C2. If a voltage is applied between M1 and M2, a hole
current is induced between the two modulation electrodes, generating an ohmic drop through the p-type
epitaxial layer. The resulting electric field guides the photogenerated electrons preferentially towards
either C1 or C2 depending on the applied voltage polarity. When Vy;; > Vi, a majority current carrier
generates and forms an electric field in the substrate. When the light impinges on the device, the majority
current and the induced electric field separate the photo-generated electron-hole pairs. The separated hole
becomes the part of the majority hole current which is generated by the applied voltage on modulating
electrode. The hole current moves towards the p+ region and the electron is guided by the same electric
field to the collecting electrode C1 and thus the charge is detected. Fig.5.3 shows the simulated electron
current density with a voltage difference applied to the modulating electrodes (M1 & M2) and a 780 nm
light beam incident on the device surface. At the reverse potential (V< V) the photo-generated charge
carriers are swept away from the collecting electrode C1 to C2.
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Fig.5.3: Simulated electron current density under illumination

To get a relationship between AC and DC demodulation contrast, assuming no extra collecting junctions
compete with C1 and C2 within the pixel structure and no considerable photocurrent is collected from
adjacent pixels, currents at the C1 and C2 terminals can be written as:

Ic1 = fClITOT
5.D
Icz = (l_fCI)ITOT

where, Iror is the total pixel photocurrent (I7or=Ic;+1c;) and f¢; is the fraction of Iror that is collected by
Cl.

If a sinusoidal-modulated light is used to illuminate the scene, then /o7 can be written as:
Lior = Irpr + Iior sin(27ft = ) (5.2)
where, I and I, are the amplitudes of the DC and AC components of Iror, f is the modulation
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frequency, and @ is the phase difference between the light detected by the sensor and the one emitted by

the illuminator. Ideally, 7 TDOCT =] TAOCT. In practice, background light, non-unity modulation depth of the

illuminator, and roll-off of the AC component amplitude at high modulation frequencies make 7 fOCT <

1 T%CT . Fromg, the distance d of the illuminated scene point is readily obtained as:

d :% (5.3)

where, c is the light velocity.
When a sinusoidal voltage (¥},,2) is applied between M1 and M2, also f; varies with time, alternately

transferring photocurrent from C1 to C2 and vice versa. V), is generated of the same frequency and in
phase with the modulated light used to illuminate the scene, i.e.

Vi = V05 sin(2aft) . (5.4)

In the approximation that f-; depends linearly on V), (valid rigorously for small V,,;, values only), the
time dependence of f¢; is sinusoidal too and can be expressed as

for 3+ S sin(2f), 59

where, fCAlC is the amplitude of the AC component of f-;. The DC component of f¢; is 0.5, so that, as
imposed by the CAPD symmetry, /c,=Ic, at time instants when V,,,=0.

Introducing (5.2) and (5.5) into (6.1) yields:

1 , ] -
IG{T A sinaf) |-[175; + 175, sinaft - p)]

(5.6)
1 . ] .
Tea=| 3= 1 oG | 125+ 15 s )
From (5.6), the DC component of /-; and /-, can be obtained as:
_ l DC l AC 7 AC
<Ic1>_ 21707 + 5 Sér Lror cos@
5.7

1 1
<Icz> = EIZPOC;" _Efc/iCI;OCT Cos@

As can be noted, both </.;> and </,> directly contain the distance information ¢. They can be obtained
from the output currents /¢; and /¢, by filtering out their AC components at frequencies f and 2f. This
low-pass filtering can be accomplished at pixel level by simply integrating the output currents (5.6).
Either a single-ended or a differential readout scheme can be adopted.

The demodulation contrast is the total output-signal change normalized to the output-signal average.
From (5.7), it can be expressed as (5.8) regardless of whether either <[> or </,> is adopted as output
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5.3 Device performance and Experimental results:

The electro-optical characteristics are performed on a current assisted photonic mixing demodulator
implemented in standard CMOS 0.18um technology. The layout of the single device and a 10x10 array is
shown in Fig.5.4 (a) and 5.4(b), respectively.
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Fig.5.4: (a) single device layout (b) 10x10 pixel array layout and (c¢) Layout and Micro-photograph of the
fabricated test structure.

A microphotograph of the fabricated test structures is shown in Fig.5.4(c). To ease readout of detected
currents, several 10x10 arrays of 10-um CAPD arranged in serpentine as shown in the inset of Fig.5.4(c)
and wired in parallel were included in the test chip. In this way, the currents to be measured are 100 times
larger and the information about the average behaviour of a single device is easily retrieved. The
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resistance between the modulation electrodes of the current assisted photo mixing demodulator is 250Q.
In these structures the applied drift field will spread equally over the sensitive area.

5.3.1 Device Characterizations:

After the fabrication of the test device chip at a commercial silicon foundry by using 0.18um CMOS
process technology, a thorough characterization is carried out including: electrical measurement of the
test structures for the process parameters, electro-optical tests of the photo-demodulator such as static and
dynamic characteristics.

5.3.1.1 Measurement setup:
Fig.5.5 (a) shows the set up for the measurement of DC characterization of the test device. For the DC
characteristics analysis the device is illuminated with a wide spectrum lamp. In this measurement the

required voltage at different electrodes can be supplied by a voltage source. A Pico ammeter is used to
read out the detection current.
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Fig.5.5: Experimental setup for (a) DC characterizations & (b) Dynamic characterizations

(b)
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The average current measurement at the collecting electrodes and the dynamic demodulation contrast is
characterized for the test device by using the set up is shown in Fig.5.5 (b). A dual output signal generator
is used to generate two sine wave signals. One of the two signals is used to modulate a laser emitter and
the other is connected to the input of a differential amplifier. Two output signals of the amplifier with
180° phase shift are connected to the modulating of electrodes. The detection current through the
collecting electrodes are read out by a HP 4145 Semiconductor Parameter Analyzer. For this
measurement, three sine wave signals are used with an appropriate synchronization. For this purpose, the
optimal design solutions are implemented at different levels. At first the test bench is setup; the PCB
board for the electro-optical characterization of the device and circuit is designed, realized and tested. The
software programs for the interface with PC and the data acquisition is developed with LABVIEW.

5.3.1.2 Optical input and modulation signal:

In this measurement, stable and high quality optical and modulation signals are required. Both optical and
modulation signals are sine-wave providing a wide range frequency modulation more than 40MHz with
high accurate phase shifting. It is quite difficult to get the satisfactory modulated optical output signal
within the whole modulation frequency range. The average current is measured under a 650nm red laser
with 90% modulation depth used to illuminate the test device at different modulation frequencies. Fig.5.6
shows the different signals for laser and modulation electrodes. Here (a) is the modulation signal for
Laser input and (b) is the device modulation input.

L
2
-

Fig.5.6: Optical signal (a) Modulation signals for Laser and (b) Device Modulation Input.

5.3.1.3 Static and Dynamic performance:

For the DC characteristics of the device, the experimental set up is configured as shown in Fig.5.5 (a).
Static Characterization of the CAPD structures has been carried out, using a 650-nm laser to illuminate
the device. The voltage applied to the modulating electrode M1 has been swept from -0.5V to 0.5V.
Another modulating electrode Vy, has been maintained at OV and the collecting electrodes C1 and C2 are
biased at 1V. Fig. 5.7 (a) shows the typical results of two collecting currents /r;, I; and their sum I7or
plotted with respect to the voltage between M1 and M2 (V,,;) for a minimum size CAPD. Here the
positive part of the modulating voltage Vj,, values are reported in the graph, I-; and I, being
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symmetrical with respect to the point where they intersect the y-axis while /o7 being symmetrical with
respect to the y-axis. In Fig. 5.7 (a) the solid lines represent the simulation results for DC performance of
the device. In the simulations, the light intensity has then been adjusted to fit /; and /., measured at
V312=0 V. The overall agreement between measurements and simulations is satisfactory and acceptable;
indicating that the charge transfer mechanism operates in actual devices closely to theoretical predictions.
As can be noted, /77 slightly increases at increasing V),;,. This can be explained to photocurrents that are
collected by the n-well junctions at the four corners of the pixel when Vj,,=0 V, while they are
progressively transferred to C1 for increasing ¥y, due to the increasing modulation electric field. Starting
from /I¢; and I, curves like those shown in Fig.5.7 (a), the charge transfer efficiency (Ec7), i.e., the CAPD
capability of redirecting photogenerated charge towards one of the two collecting junctions under static
conditions, can be quantified as [75]

— Iey =1,
Ioy+1e,

(5.9)

cr

lc1, lc2 (NA)
lc1+ lc2 (NA)

Ecr
o
o
™
n

Sim.
= Meas.

0.2 0.3 0.4 0.5
VM12 [V]

(b)
Fig.5.7: Simulated (solid line) and experimental (dotted line) DC characterizations of CAPD 10x10 array

(a) DC current at the collecting electrodes I¢; and I, and total current Itor and (b) Corresponding Charge
transfer efficiency.
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Experimental and simulated values of Ecr are plotted in Fig. 5.7(b) for the same CAPD considered for Fig.
5.7(a). As can be noted, an Ecr of 80% is achieved for V,;,=0.5 V. The corresponding power
consumption is 10 pW (deriving from a modulation current of 20 pA through the 25-kQ resistance
existing between M1 and M2).

The peak value (E; ) reached by Ecr during the V), cycle limits the maximum demodulation contrast
achievable with the CAPD. Introducing (5.6) into (5.9) actually yields

E.p =2f. —1=2f4sin2zft (5.10)
from, which it follows that
ENX=2f4C. (5.11)
By using (5.11), the demodulation contrast (5.8) can be rewritten as
_ES Ly

C, = IO (5.12)

2 IR

and is seen to approach the theoretical limit 0.5 of the sine wave modulation when the charge transfer
E’7* approaches unity (besides for low frequency and 100% laser modulation depth).

The dynamic demodulation contrast of the device is another feature to judge the performance of the
charge separation in the device. The sensor ability to separate and transfer the charges to the
corresponding output node can be expressed as a demodulation contrast. It should be as high as possible
in order to large signal amplitude and hence a good signal-to-noise ratio for the phase detection. In optics
the demodulation contrast is defined as follows:

I -1
Demodulation Contrast Cy (%) = % x100%
+

max min
900
S 700 \
c
o
3 500 -
(@)]
£
§ 300 - —e— 1MHz
8 —a— 10MHz
—&— 20MHz
100 | | |
-180 90 0 90 180

Phase (Degree)

Fig.5.8: Average Current measured at collecting electrode at different modulation frequencies.

The dynamic demodulation contrast and the average current measurement at the detection electrodes are
characterized for this device by using the setup shown in Fig.5.5 (b). One of the two signals of a signal
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generator is used to modulate a laser emitter. Another one is passed through a differential amplifier
generating two 180°-shifted voltages that are sent to the modulation electrodes M1 and M2 of the CAPD
under test. A constant potential 1V is biased the collecting electrodes C1 and C2. A differential sine wave
modulation signal with 400mV amplitude is applied to the modulating electrode of the device array.

The average current is measured under a 650nm red laser with a flat frequency response from the band of
interest and near about 90% modulation depth used to illuminate the test device. The phase delay A¢ of
the laser modulating signal with respect to the CAPD modulation voltages can be varied arbitrarily. Since,
under operating conditions, the illuminator is modulated with a signal in phase with the CAPD
modulation voltage, A plays the same role as ¢ used in (5.6)-(5.7). The average currents flowing out of
the CAPD detection electrodes is directly readout by using a semiconductor parameter analyzer (HP4145),
automatically providing the required low-pass filtering. The average current of the device array at
different laser phase is shown in Fig.5.8.The obtained curve is turned out from the convolution of optical
and electrical modulated signals and depends on the cosine of the phase difference Adp between the two
signals [54]. In agreement with (5.7), the measured /¢; vs. A curves shown in Fig.5.8 contain a constant
plus a term proportional to cos (Ad).
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Fig.5.9: Demodulation Contrast (a) Experimental and (b) simulated demodulation contrast as a function
of modulation frequency. The laser wavelength is 650 nm.
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Experimental and theoretical values for C; are plotted in Figs. 5.9(a) and (b) as a function of the
modulation frequency for different modulation voltage amplitudes. Experimental C, values are obtained
from measurements like those shown in Fig.5.8. Theoretical C, values can be calculated by plugging

simulated E2 | 175 and I, values into (5.12). E*and I), are obtained but DC simulations,

whereas [ TAOCT is derived from small-signal AC simulations driven by a monochromatic optical stimulus at

the adopted laser wavelength. As can be inferred from Fig.5.9(a), the -3dB bandwidth of the
demodulation contrast is, for all the modulation voltage amplitudes considered, larger than the highest
modulation frequency adopted experimentally (45MHz).

Raising the modulation voltage amplitude boosts C, over the entire frequency range, as a result of the
increased £ . However, the obtained incremental enhancement reduces progressively as the theoretical

limit of 0.5 is approached. Results shown in Fig.5.9(a), if compared with previous works on CAPD
demodulators [67,68] demonstrate that shrinking the pixel dimensions both reduces the power
consumption of a single pixel and enhances the bandwidth of the device, thus enabling the
implementation of moderate sized arrays with a standard process without substrate doping modifications.
The proposed solution can be competitive with existing photo-gate-based mixer technologies [54, 60, 72,
73] because it offers a larger demodulation contrast and a bandwidth comparable with the best devices
presented so far.

5.3.2 Influence of wavelength on the device:

Light absorption length in silicon is strongly dependent on the wavelength. At 650 nm wavelength,
photons are absorbed within a few um from the surface. The charge carriers that are optically generated in
these regions can be collected easily by the detection electrodes, thus increasing the demodulation
contrast of the device, defined as the sensor ability to separate and transfer the charges to the
corresponding output node.
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Fig.5.10: Demodulation Contrast as a function of the modulation frequency at two different wavelengths.

On the other hand, higher wavelength photons can penetrate deeper in the device. The photoelectrons
generated far from the surface need more time to reach the demodulating electrical field. This causes
long diffusion times and blurred diffusion directions, thus degrading the device crosstalk and leading to a
lower demodulation contrast. The long diffusion times lower the demodulation cut-off frequency, while
the blurring effect also appears at low modulation frequencies. These effects are confirmed by
experimental results of Fig.5.10, which shows the demodulation contrast as a function of the modulation
frequency in the range from 1MHz to 30 MHz at two wavelengths 650nm and 780nm.
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5.3.3 Influence of modulation frequency on the device:

We know that the photon absorption length in silicon at 650 nm is few micrometers, the decrease in the
demodulation contrast with frequency can be evaluated with respect to time that photoelectrons generated
deeper in the epitaxial layer of the device. The higher the demodulation frequency, the shorter is the time
available for the single charge carriers to travel from their site of optical generation to the storage area. If
they do not reach the right storage site in time, they will contribute to a wrong sampling point and lower
the demodulation contrast. Fig.5.10 shows the demodulation contrast at different frequencies and
wavelengths. Demodulation contrast is decreased with the increasing of modulation frequency.

5.3.4 Demodulation Contrast vs. Modulation voltage of the device:

We know that the demodulation contrast is an important feature to quantify the perfection of charge
separation in the device. The sensor ability to separate and transfer the charges to the corresponding
output node can be expressed as a demodulation contrast. It should be as high as possible in order to large
signal amplitude and hence a good signal-to-noise ratio for the phase detection.

It is obvious that the demodulation contrast depends on the amplitudes of the modulation voltages. By
using a driver circuit we can control the signal amplitude of the modulation signal. By the exact
adjustment of the modulation voltage of the device at a fixed frequency we can get the optimal
demodulation contrast of the device. Fig.5.11 shows the evolution of demodulation contrast for the device
as a function of the modulation voltage amplitude. Here we considered the different demodulation
frequencies. Increasing the modulation voltage basically increases the majority current that cause the
drift of the minority carriers, namely electrons. As the modulation voltage is applied to the modulating
electrodes, the photo generated electrons arrive at the detector node of the device. When applying the still
larger voltages the electrical field extends deeper in the substrate so that more electrons reach detection
node resulting in a higher demodulation contrast. However, it should be stressed that at the same time this
increases the power consumption in the device, so the value of the modulation voltage amplitude should
be carefully chosen.
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Fig.5.11: Demodulation Contrast as a function of the modulation voltage for CAPD device.

5.3.5 Spectral responsivity and Quantum Efficiency:

We know that responsivity measures the effectiveness of the detector for converting electromagnetic
radiation to electrical current or voltage. The responsivity is the ratio of the rms value of a current signal
generated by the detector to the incident radiant power at the entrance to the detector.
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Fig.5.12: Test setup for spectral response characterization

The quantum efficiency of a photonic device indicates the efficiency of light with a given wavelength
conversion into electrical signal. It represents the probability of a single photon to generate electron-hole
pair, characterizing the photo converting part of the device. The experimental setup is shown in Fig.5.12.
The mono-chromator with a light source provides monochromatic light with variable wavelengths. The
optical output is connected to an optical fiber with one end shining on a calibrated photo-sensor and the
other end on the photodiode under test. The mono-chromator, the optical power meter and a pico-
ammeter SMU HP 4145 are connected to a PC through a GBIP interfaces for data acquisition and storage.
All the measurements for the photodiodes are conducted in a shield box to isolate optical and electrical
noise.

Since the reflection and absorption characteristics of the photo-detector sensitive material change with

wavelength, so that responsivity depends on wavelengths. Fig.5.13 shows the responsivity vs.
wavelengths of our test device.
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Fig.5.13: Responsivity vs. wavelengths for CAPD
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Fig.5.14: Quantum efficiency vs. wavelengths for CAPD

Fig.5.14 shows the quantum efficiency of CAPD in different wavelengths. CAPD devices have
potentially higher quantum efficiencies with respect to photo-gate demodulators because their active area
is not covered by polysilicon gates. Our devices show a peak quantum efficiency of 35% at 500 nm and
>20% up to 600 nm.

5.3.6 Capacitance measurement:

Junction capacitance of the image sensors charge sensing node determines the charge capacity and the
charge-to-voltage conversion gain. A smaller capacitance at the charge sensing node is preferred due to
higher signal-to-noise ratio of the output signal. On the other hand, small capacitance has lower charge
capacity and thus a lower dynamic range.
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Fig.5.15: Experimental set-up for capacitance measurement

The experimental set-up for capacitance measurement of the CAPD is shown in Fig.5.15. A LCR Meter is
used for accurate measurement of capacitance. The LCR meter is a general purpose meter used to
measure inductor (L), capacitor(C) and resistor (R).

The LCR meter has a built-in power supply and is capable of supplying the bias voltage required for the
device. In this experiment the LCR meter serves two main functions. They are to measure the capacitance
of the device and to supply the required voltage bias across the junction. The LCR meter and the
experiment are controlled by using a LABVIEW program via GPIB interface between the Computer and
the LCR meter.
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Fig.5.16: C-V response at different frequencies

Fig.5.16 shows C-V response under different frequencies of the device. It shows that a higher reverse bias
produces a lower capacitance due to a larger depletion width. For higher reverse bias, more electrons are
attracted to the n-side, holes attracted to the p-side. This result increases the depletion region. In this
figure it shows that, at lower frequency the capacitance is larger than at higher frequency. Due to the
deep-level impurities in the space charge region make the capacitance to be frequency dependent because
of their finite charging and discharging time [74, 75].

5.3.7 Phase linearity measurement of the device:

In Time-of Flight technique the phase delay of the modulated light signal is measured by the sensor
receiver. The signal back reflected by the scene is modulated in light intensity and phase, the phase
modulation being caused by the depth of 3D scene. It is possible to recover the signal by synchronously
demodulating the incoming modulated light within the sensor by correlating it with the modulation signal
that is implemented on the modulation electrodes of the sensor. For the phase delay measurement we
consider both sinusoidal wave and square wave at 20 MHz frequency as the modulation signal for both
modulation electrodes, with 180° phase shift between them. Another wave is used to modulate a laser
emitter with appropriate synchronization between other two modulation signals. By using the same
measurement set-up shown in Fig.5.6 (b) we can measure the phase delay of the device.
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Fig.5.17: Measured and Real phase delay for (a) Sinusoidal wave (b) Square wave.

The modulation wave is sampled in four spaced sampling points of the signal time period. In this
measurement the considered four sampling points are -180°, -90°, 0° and +90°. At each point of the phase
delay of the input laser modulated signal we measured the amplitude from the collecting electrodes at
four sampling points C; (-180°), C, (-90°), Cs (-0°) and C4(+90°) of the modulation signal [76]. Now we
can directly measure the phase by using equation (5.13):

C,(-180°)-c,(~0°)
C,(-90°) - C,(+90°)

@ = arctan

(5.13)

In this way we can measure the phase delay of the incoming modulated light signal within the detector
with respect to the applied phase delay. Fig. 5.17(a) and 5.17(b) show the measured phase and the real
phase of the modulated laser signal for both sinusoidal wave and square wave. The resulting phase and
linearity error are reported in Fig 5.18.
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Fig.5.18: Phase linearity error vs. Applied phase in the case of sine-wave modulation
and square-wave modulation

The maximum linearity errors for sinusoidal and square waves are 0.11% and 0.16% respectively, thus
confirming the good linearity of the proposed system. The very good linearity obtained also in the case of
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square-wave modulation indicates that the contribution of high frequency harmonic components
contained in the square wave modulation signals has a small influence on the phase determination. The
measurement method employed thus reveals a good robustness against optical and electrical modulating
signal distortions, which would be inevitably present in a real measuring system.

5.3.8 Noise measurement:

We know that shot noise is present in all photon detectors due to the random arrival rate of photons from
the source of illumination under measurement and background radiation. This shot noise is often called
"photon noise". Photon noise limits the detector performance even if all internal noise sources were
eliminated. Shot noise also arises from the dark current in the absence of light. A low-frequency noise
measurement arrangement is shown in the Fig.5.19. It consists of a low-noise biasing circuit, a device
under test (DUT), a current amplifier, a spectrum analyser and a personal computer.
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Fig.5.19: Experimental set-up for shot noise measurement

It is taken to make sure that the system noise is not influenced by the noise other than that from the DUT.
For this purpose, batteries are employed to provide power to the measurement set-up. A shield metal box
is used to protect the set-up from 50 Hz power line noise and from the surrounding electromagnetic
interference. The connection between the DUT, low noise transimpedance amplifier and the dynamic
signal analyser was made by using double shielded low-noise BNC cables. The connecting cable between
the DUT and the current amplifier was made as short as possible in order to reduce the undesirable noise
to a minimum,.
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Fig.5.20: Noise Spectrum Density vs. Frequency
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In this experiment the shot noise is measured in the frequency range of 200 Hz to 1000 Hz. The
theoretical shot noise can be measured by using the equation /g = (2quB)1/ ? where ¢ is the electron charge,
1, is photo current and B is the bandwidth. By using the above experimental set up we can measure the
total noise in the presence of light at different frequencies. In this case the photon shot noise and the
amplifier noises are included. At the same time we can measure amplifier noise in the absence of light
illumination. By calculating the total noise and the amplifier noise it is possible to measure the
experimental shot noise. The measured shot noise at several frequencies is not significantly varied from
the theoretical noise.
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Fig.5.21: Percentage of noise deviation vs. Frequency

Fig.5.20 shows the experimental results of total noise, amplifier noise, theoretical noise and measured
noise of our device. Fig.5.21 shows the percentage of deviation between measured noise and theoretical
noise. The maximum deviation between them is 5.19%.

5.4 Device geometry and power consumptions:

Device simulations have finally pointed out that, by optimizing the geometry of the modulation junctions,
the trade-off between demodulation contrast and power consumption can actually be relaxed. This is
illustrated by Fig.5.22, showing simulated power-consumption vs. Ecr curves for minimum-size CAPDs
differing only for the modulation junction geometry. More specifically, the structure with “short”
modulation junctions is the one adopted for all previously-shown results and depicted in Fig.5.2. This
structure is compared with a CAPD having longer modulation junctions (structure labeled as “long” in
Fig.5.22) and with a CAPD featuring “U-shaped” modulation junctions (structure labelled as “U-shaped”
in Fig.5.22). As can be noted, with the “long” modulation electrodes it is possible to obtain the same Ecr
characterizing the standard structure at reduced power consumption or equivalently, an enhanced E.r at
the same power consumption. A further improvement can be achieved by using the “U-shaped”
electrodes. These improvements are due to the larger volume interested by the modulation electric field,
leading to a more effective charge redistribution between the two collecting nodes in response to the
modulation-voltage changes and therefore to a smaller modulation voltage needed to achieve a given Ecr.
This in turn results in reduced power consumption, the decrease in required modulation voltage being
only partially compensated by the increase in the modulation hole current. CAPD with optimized
modulation-junction geometries will be implemented in near future.
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Chapter - 06

CAPD based 3D-Imaging Camera in standard CMOS Technology

In the previous Chapter, we have discussed the Current Assisted Photo Mixing Demodulator operation
principle and presented the characterization measurements of the device. In this Chapter, we introduce a
120x160 pixels time-of-flight range camera that is realized with our CAPD structure featuring a small
pixel size 10x10pum’ fabricated in an unmodified epitaxial CMOS 0.18um technology. Compared to
previously published work, we have strongly reduced the photosensor size and optimized the device
topology to minimize power consumption related to the modulation resistance. In this way, no
modification of epitaxial layer doping is necessary. In the previous chapter, the initial results demonstrate
that the demodulator structure is suitable for a real-time 3D image sensor. The prototype camera system is
capable of providing real-time distance measurements of a scene through modulated-wave TOF
measurements with a modulation frequency of 20 MHz. The CAPD device has good electro-optical
correlation properties that can ease the integration of the CAPD pixels to design a 3D ranging system. As
the system is fabricated in CMOS technology, it can reduce the cost of system design, which is very
important for the product development. Firstly, the pixel architecture and its schematic simulations are
described in the following section. The description of the system architecture of CAPD ranging camera
and the respective function modules of the ranging system will be explained. Finally, the results of some
typical range measurements of the CAPD based prototype camera will be presented.

6.1 Design of Photodemodulator Active Pixel Sensor (APS):

Design and simulation results for photo mixing demodulator active pixel sensor are extracted using
virtuoso schematic editor from Cadence. Though there are many other CMOS technologies used for
simulating photodiode APS, we have used UMC single poly-four metal 0.18um CMOS technology.
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Fig.6.1: Pixel Circuit Schematic

The operating voltage supply for this technology is 1.8V which is used for the design of active pixel
sensor. The half of the present photodemodulator APS consists of a photo mixing demodulator that is
integrated with five transistors. These five transistors are employed in each pixel to implement an anti-
blooming (T4gp), a global shutter (Tgs), pixel reset (Trs), a source follower amplifier (Tsr) and row select
(Trws). Photodemodulator, the sensing element for the light intensity, converts light intensity into current
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with the help of its sensing node. The charge is converted to the voltage by the capacitance of the
photodiode at the sensing node. Design of the photodemodulator in the schematic shown in Fig.6.1 is
modelled by Verilog simulation. In this implementation of the pixel we adopted PMOS transistors for the
reset and global shutter switches so that the whole voltage range can be measured and analyzed. Source
follower transistor acts as a buffer amplifier to segregate the charge of the sensing node. The data is read
out when the row select transistor is enabled.

6.2 Simulation of Photodemodulator APS:
The active pixel sensor operation is divided into three stages: reset stage, integration stage and the read
out stage.The image acquisition sequence starts by resetting to Vg4 the floating diffusions C1 and C2

turning on both the reset and the global shutter transistors for all the pixels. Integration stage follows the
reset stage.
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Fig.6.2: Simulation result of Photodemodulator APS

When the reset transistor is switched off, the two modulation electrodes M1 and M2 are modulated and
the light emitter is turned on, so that the photo-generated charge is mixed towards the two collection
nodes C/ and C2 and the DC component of the photocurrent is integrated onto the floating diffusion
capacitance. After a suitable exposure time Ty, The global shutter transistors are then switched off in all
the pixels, sampling the demodulated signals onto the floating diffusions while anti-blooming diodes
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avoid blooming effects. In the above simulation results Fig: 6.2 indicates transient simulation of the pixel
circuit. In this graph, res, gs and sel represent the voltages at the gate of Tgrs Tgs and Trws transistors
respectively. ModA and ModB indicate photodemodulator output at the collecting electrodes C1 and C2.
Finally out! and out2 represent the pixel output at Bitlinel and Bitline2 respectively.

6.3 Layout design of an Active Pixel Sensor and its specifications:

For the operation of this active pixel sensor, the pixel array needs 1.8V power supply. We know that the
described photo-demodulator device is integrated with 10 transistors, active pixel structure. The half of
the pixel electronics is devoted to reading one of the two collecting junctions, based on a standard source
follower voltage buffer and pixel select, a reset transistor, a global shutter and an anti-blooming diode-
connected transistor.

Fig.6.3: Pixel circuit layouts

Fig.6.3 illustrates the compact 10x10 pum-square pixel layout with a fill factor of 24% by using a 0.18pum
CMOS technology. The 6pumx4um rectangular part is the sensing area of the pixel layout. The
photodemodulator contains two collecting contacts and two modulation contacts. The modulation
contacts have been realized using p-well diffusions to obtain a deep electric field, while the collection
diodes are made with n+ diffusions. Two metal lines are used both to mask the floating diffusions from
direct light and to distribute the modulation signals. The two vertical parts of this layout are sized and
spaced equally in vertical dimensions to get symmetrical pixel arrays. Table-IV shows the summarized
characteristics of the pixel.
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Table-IV: Pixel Summaries

Technology : 0.18um CMOS technology

Pixel area : 10x10 pm?

Transistors per pixel : 10

Fill Factor i 24%

Photodetector type : Current Assisted Photo
Demodulator (CAPD).

Pixel Supply voltage : 1.8V

6.4 Photodemodulator Verilog simulations:

We know that Verilog-AMS is an event-based Hardware Description Language (HDL) for analog and
mixed signal systems and integrated circuits to create and use modules that encapsulate high-level
behavioural descriptions as well as structural descriptions of systems and components [77]. In this pixel
circuit simulation we will use Verilog to simulate our device designs at behavioural level. In other words,
we can check the correction of our device functionally by using Verilog simulation. In this section we
will talk about the current assisted photonic demodulator behaviours and simulate this device with pixel
circuit by using HSPICE circuit simulation tools.

Verilog-A is well-suited for describing nonlinear behaviours. According to the CAPD operation principle
and DC characteristics of the collecting current, the I-V characteristics equation of the device can be
written as:

I (C1) =[-2000e-12 * (tanh (2 * vacross) +1)]

1(C1)=[-2000e-12 * (tanh (- 2 * vacross) +1)]

The CAPD device in the example for DC characteristics code given below is introduced. This provides a
simple example of the anatomy of a Verilog electrical model of the CAPD device.

Include disciplines and

— "inclode "discipline. h"
constants

"include “constants. k"

Interface Declarations — | module CAPDCL, M1, CE, M2},
inout C1, M1, CZ, ME;
electrical C1,M1,C2, MZ;

Module Scope — real vacross;

analog hegin
vacross = W(M1, M2);
I(C1Y <+ -2000e-12 *+ (tanh{2 * wvacross)+l);

Behavioral Description > IEEEJ <+ -2000e-12 * (tanh(-2 * wacross)+1);
BT
endmodule
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Line 1 & 2 instructs the compiler to insert the contents of the file disciplines and constants into the text.
This file contains the definitions that make the Verilog specific for electrical modeling.

Interface declaration part declares the module block, within which the model behaviour is defined. The
model is named CAPD and has four ports, named "C1 and C2" and "M1 and M2". Ports provide
connections to other parts of the circuit.

Behavioral description of the device is described in the module scope. The keyword analog declares the
analog block. In this case, it is a single statement. However, statements can be grouped together using
begin/end keywords to denote blocks which, in turn, can be named to allow local declarations. The simple,
single statement includes several key aspects of the language. On the right hand side, the access function
vacross returns the voltage difference between M1 and M2. The "<+" in this line is called the
contribution operator and in this example contributes the value of the evaluated right hand side
expression as the voltage from p to n.

Fig.6.4: Schematic of Verilog-CAPD devices.

Fig.6.4 shows the DC characteristics schematic and the symbol of the CAPD device. Here C1 and C2
indicate the collecting electrodes and M1 and M2 indicate the modulation Electrodes.
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Fig.6.5: I-V curve of Verilog CAPD device model
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According to the DC characteristics of the CAPD device, similar consideration is taken. The modulation
electrode M1 is swept from -0.5V to 0.5V and another modulation electrode M2 remains OV. At the same
time the collecting electrodes C1 and C2 is biased by 1V. By using the above code we can find out the
similar DC output characteristics curve that has already shown in Fig.5.8 (a), which is obtained from
device simulation software by ISE-TCAD and device experiment. Fig.6.5 indicates the DC mixing
properties of the CAPD device.
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Fig.6.6: (a) & (b) Pixel circuit configuration using Verilog-device model.
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Fig.6.6 (a) & (b) shows the HSPICE simulation of pixel circuit using Verilog model device. Here, in the
Fig.6.6 (a) represents different types of applying voltage to the pixel circuit. Fig.6.5 (b) shows the block
diagram of the pixel circuit. The CAPD device consists of four electrodes as we explained before, another
electrode in represents the equivalent voltage source of the illuminated light source. The half pixel block
indicates the five transistors pixel circuit that we have already described at the beginning of this chapter.
The CM is the current mirror that is used as a load. For this simulation the device model code is written
below:

Include disciplines and

— "include "discipline k"
constants "include "constants. h"

inout Cl, M1, CZ2, MZ,in;
electrical C1,M1,C2, M2, in;

Module Scope — > real vacross;

analog hegin
vacross = WiMl, HM2);

Behavioral Description > Iqcl) <+ -¥Wiin) * (tanh(Z * wacross)+ 1},
I(C2) <+ -Wiin) * (tanh(-% * wacross)+ 1);
end
endmodule

For this simulation we consider two 20 MHz sinusoidal voltages with 180° phase shift for modulation
electrodes M1 and M2, a constant potential 1V is biased the collecting electrodes C1 and C2. Another
20MHz sinusoidal modulating signal is applied to the electrode of the CAPD device in which can act as a
reflected laser modulated signal.

Applying all required voltages for the reset signal, global shutter, Vpix, anti-blooming, row select signal
and consider the in signal with an arbitrary phase delay Ag. From the transient simulation, at arbitrary
phase delay A¢ of the in signal we get different photodiode output. Finally, the data is read out by
enabling the row select transistor. Fig.6.7 shows the transient simulation of the Verilog CAPD device
based pixel at different phase of the signal in which is equivalent to the laser modulating signal. In this
figure graph 1, 2 and 3 represent reset signal, global shutter and row select signal respectively. Graph 4
indicates the photodemodulator output and graph 6 indicates the bit line output of the pixel circuit.
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Fig.6.7: Transient simulation of the pixel circuit using Verilog device model
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6.5 Architecture of a 120 x 160 pixels Image Sensor:

The core of the sensor is formed by a 120x160 pixel array. The image sensor architecture is shown in
Fig.6.8. The two bit lines in each column are connected to a column pseudo-differential amplifier
performing a first filtering of the output signal to reduce pixel Fixed Pattern Noise (FPN). Column FPN is
removed by an output amplifier performing Differential Double Sampling. Because of the large
modulation current flowing in the whole array, a modulation signal distribution tree has been
implemented to equalize the parasitic resistive paths of the metal lines. Column amplifiers and output
stage are based on 3.3V transistors in order to maximize the signal swing.
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Fig.6.8: Imaging Chip Architecture
The sensor micrograph is shown in the Fig.6.9, where the main functional blocks have been highlighted:

the pixel array, the column amplifiers, row and column decoder, the output filtering stage and the
modulation signal distribution tree, everything integrated in a 2.5x 2.5 mm” area.
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'@ 120 x 160 pixel array :

Fig.6.9: Sensor micro-photograph
6.5.1 Column Amplifier:

After collection of photodemodulator signal from a pixel array, it is read out by selecting each row and
filtered by Column Filtering Stage (CFS). Fig.6.10 shows the column filtering stage of the sensor. After
row select, the two stored voltage values are sampled at the bottom of each column, onto capacitors Ccgs.

Then 01 is switched off and two different operation modes can be selected. In case of 2D imaging, the
pixel is reset, performing a standard double sampling read out aimed at reducing the FPN due to the in-
pixel source follower mismatches.

When 3D imaging mode is enabled and taking advantage of the pseudo differential pixel structure, firstly
sampled on capacitor Ccps when 01 and 62 is high and 03 is low. The difference between the two pixel
outputs is directly extracted by switching off 02 first and turning on 63, thus doubling the swing of the
resulting signal, reducing the noise contribution of subsequent stages.
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Fig.6.10: Column Amplifier
6.5.2 Double Delta Sampling (DDS):

A Double Delta Sampling (DDS) circuit has been implemented to filter Column Fixed Pattern noise. DDS
is performed after the Column Filtering Stage (CFS) of the sensor. The reset voltage is subtracted from
the integrated values in DDS circuits, eliminating the voltage offset variations due to the output of
Column Filtering Stage. DDS is performed after the column filtering stage (CFS), shown in Fig.6.11. At
the beginning of the measurement, the feedback capacitor Cpps is reset at @4 =High; by doing the Column
Filtering Stage offset is sampled on Cppg to allow its cancellation for the following phase. The input
signal at the end of reset phase the CFS out put of this stage is sampled onto the capacitor Cg; in this
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phase @4=High and ﬁ =low. After that the phase @4 is set low; Cs is discharged onto the capacitor

Cpps. Thus, the difference between the reset and signal value is obtained at the end of DDS output and
reduce the column filtering stage FPN.

The use of DDS circuits for the entire imager further improves the precision and accuracy by eliminating

Column Filtering Stage Fixed Pattern Noise.

from j-th Column Filtering Stage

Linel.... /

Line2....

VrefDDS O——— Output Stage (DDS)

Fig.6.11: Double Delta Sampling (DDS)
6.5.3 Row and Column decoder:

We know that a decoder is a circuit component that decodes an input code. Given a binary code of n-bits,
a decoder will tell which code is this out of the 2" possible codes is shown in Fig.6.12. Each of the 2"
outputs corresponds to one of the possible 2" input combinations. In a large capacity image sensor a
separate clock signal is used to strobe in either the row or column addresses. In the present sensor, the
row decoder and the column decoder are generally realizing by a shift register. The shift register is
basically a cyclic one with load, clear and preset functions. In general operation, one D Flip-Flop (DFF)
in row shift register and another one in column shift register are set to activate the row and column
switches respectively. Hence a row is addressed and a pixel in the addressed row is selected. The other
pixel cells in the addressed row are sequentially selected. Then follow through the pixels of the other
TOWS.
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Fig.6.12: Row and Column Decoder

6.6 Characterizations of a 120 x160 pixels Image Sensor:

In the previous sections, we have discussed the Current Assisted Photo mixing Demodulator (CAPD)
based Active pixel sensor architecture and operation principle and presented a 120x160 pixel array image
sensor based on previously described photodemodulator. In the following sections, we introduce the time
of flight ranging system based on CAPD and fabricated in 0.18um CMOS technology. After that we will
demonstrate the respective function modules of the ranging system based on the CAPD device. Finally
the results of correlation function measurement and some typical range measurements of the realized
CAPD sensors will be presented.

6.6.1 System Description:

The testing setup used to measure the sensor performance is shown in Fig.6.13. The image sensor chip
was mounted on a test board providing the power supplies and reference voltages and currents. The
analog outputs were acquired through an acquisition board, while the timing signals were provided by a
digital pattern generator. The pattern generator provided also the modulation signals to the chip and to an
illumination module. A modulation driver was implemented on a separate circuit board to generate the
high current needed by the modulation input electrodes. A camera objective (f=2.9mm, F/1) was mounted
in front of the sensor chip, while a collimating diffuser was used to match the illumination field with the
camera field of view.
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Fig.6.13: 3D measuring system block diagram.

6.6.1.1 Illumination module and Modulation driver:

The schematic diagram of the illumination module is shown in Fig.6.14 (a). It is composed of 3 high
power LEDs L1 — L3 in series, driven by 3 signal MOSFETs M1-M3 in parallel. This topology has been
determined by the need of modulating the current at high frequency while not exceeding the maximum
power specification of the MOSFETs. Three small-valued resistors Ry -Ry; have been added at each
MOSFET source to reduce the effect of threshold voltage difference among them. The average current
flowing into the LEDs is determined by the voltage at the divider formed by R1 and R2, while the
modulation signal is injected by a pre-driver through a decoupling capacitor C.

VDD VDD
L1
15 VCC VCC
R1 1L L
§ L3 M1 sync M2 sync
Q1 Q2
I c
Illuminator | | | |
sync M1-M3
y I I I I o <
Q1 Q2
R2 Rm1-Rwm3
M1 M2
(a) (b)

Fig.6.14: (a) lllumination module schematic diagram (b) Modulation driver schematic diagram.
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The modulation current driver schematic is shown in Fig.6.6 (b). Two medium-power bipolar transistors
QI and Q2 are used to provide the 400mA peak current typically sinked by the chip modulation inputs.
Two unity-gain buffers provide the base current needed by the transistors, while the output currents are
limited by two small-valued resistors Rq; and Rq, in series with the emitters. With this topology, an
asymmetric modulation is provided, because this modulation driver has only current sourcing capabilities
and all the current entering the modulation electrodes must be sinked by the chip ground connections.
However, using this configuration, the power consumption of the drivers is reduced and the system is
greatly simplified if compared to a push-pull stage with bipolar power supplies.

6.6.1.2 Light wavelength and power:

We know that the wavelength of light illustrates both the colour of the light and the visibility. For
example, light with a wavelength of 650 nm is bright red. Light with a wavelength of 810 is invisible,
infrared light. As most applications specify the use of invisible light, we use a longer wavelength of
infrared light of 850nm. On the other hand light power is the same as brightness. A light source with
more light power is brighter than a light source with less light power. The average optical power
inside the field is 140mW and the LEDs are operated with an average current 400mA and a
maximum current of 800mA. Fig.6.15 shows the photograph of our 3D sensor system with
illumination module and the Table-V shows the summary of the system.

Table-V: Illumination module Specifications

Illumination Module:

Type : LED, 20MHz
Wavelength : 850nm

Power in the Field of : 140mW

View

Class (IEC 60825-1) : IM

Sensor:

Objective : 2.9mm,F/1
Sensor Field of View o 23°x30°
Modulation Current : 400mA (Peak)

Fig.6.15: Micro Photograph of 3D imager
With illumination module

6.6.1.3 Field of View:
The field of view is the area which a camera can see. The area is shaped as a pyramid, on its side. Field of

view is measured in degrees, either a single figure, which is a diagonal field of view, or two figures, the
horizontal and vertical field of view. We have built our imager with field of a view of 23° x 30°.
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6.6.1.4 Diffuser:

A diffuser is an optical component which converts light from one shape/pattern to another shape/pattern.
A diffuser is typically made from glass or plastic. We use diffusers to take a beam of light from an LED
and change that beam into an even pattern of light across a specific field of view. A relatively simple
solution is to put a diffuser on top of the LED light source that is designed for the particular field of view.
The diffuser provides an even light distribution over a predefined shape.

6.6.2 Correlation function measurement:

A first characterization of the sensor is conducted using a setup slightly different from the one shown in
Fig.6.13. The chip is uniformly illuminated through a diffuser, while a red modulated laser (A=650nm) is
used as a light source. A commercial high frequency function generator is employed to modulate both the
laser and the modulation electrode current. A 20MHz modulation frequency and both sine-wave and
square-wave signals are used in the measurements.

Fig.6.16 (a) shows the correlation function measured as the output signal difference Out2 — Outl as a
function of applied phase shift in the case of sine-wave modulation. In the measurement, the outputs are
averaged over all the pixels of the array, thus reducing the temporal noise contribution to a negligible
value with respect to the non-linearity. As can be observed, a good sine-wave fitting obtained, indicating
a potentially low-distortion measurement.

In the final range-imaging system the correlation function is measured only for 4 different phase shifts
and the phase shift is calculated using equation (5.13). To evaluate the linearity error obtained from this
technique, the phase measurement has been repeated several times applying an increasing delay between
modulation signal and optical signal. The measured delay averaged over the whole array is reported in Fig.
6.16(b) as a function of the applied delay. The maximum linearity error is 0.60%, corresponding to an
error of 4.5cm in the distance measurement.

A sine wave correlation function is also observed applying square-wave modulation signal. Although
theoretically the correlation signal between two square waves should be a triangular wave, the high order
harmonics are filtered by the low-pass characteristics of the demodulator and in both cases a sine-wave
correlation function is measured. Therefore, equation (5.13) was applied also in the case of square-wave
modulation.
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Fig.6.16: (a) Measured differential output as a function of applied phase. (b) Measured time delay as a
function of applied time delay.
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6.7 Distance measurement setup:

The 3D ranging performance of the system is finally evaluated using the setup shown in Fig. 6.17 using a
20 MHz-modulation frequency and square wave modulation signals. As described before, the sensor had
a field of view of 23° x 30° and the average optical power inside this field was 140mW. The image sensor
mounts a 2.9mm objective, having an f number of 1. The maximum modulation current was 400mA,
while the LEDs were operated with an average current of 400mA and a maximum current of 800mA. In
this way we could achieve an 80% optical signal modulation depth. A 30ms integration time per frame
was set, giving a range image frame rate of 7fps. A white diffusing target was placed at increasing
distances in front of the sensor and a set of range images was acquired. A white board is placed at
different distances from the sensor and is illuminated by the illumination module described before.
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Fig.6.17: TOF based measurement Set-up
6.8 3D range measurement and sample pictures:

The measurement is done in the presence of ambient light. Fig.6.18 shows the actual distance of a white
reflecting board from the sensor and the measured distance by the sensor. It shows the linear distance
range from 1.2m to 3.7m. The maximum linearity error between the original and measured distance is
3.3%, while the distance non-uniformity among the pixels is lower than 2cm. Precision is the closeness of
agreement between independent tests results obtained under specified conditions. The measure of
precision is usually expressed in terms of imprecision and computed as a standard deviation of the test
results. Less precision is reflected by a larger standard deviation. Precision is usually distinguished from
accuracy, the variability of a measurement process around the true value. It is, in turn, can be decomposed
further into short term variation or repeatability, and long term variation, or reproducibility. Beside the
distance function also the relation between distance and standard deviation is of major importance
because the accuracy of the measurements depends heavily on the amount of light received by the camera.
In Fig.6.18 (b), apart from the first point in the series, where the sensor is close to saturation, the
measurement precision increases with the square root of distance.
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Fig.6.18: (a) Measured distance of a white diffusing target. (b) Measured distance precision

A sample 3D image acquired with an overall exposure time of 400ms is shown in Fig.6.19. The distance
is coded in grayscale levels, while the image histogram can be seen on the right. Three peaks, two
corresponding to the two hands and forearms and one to the back plane can be distinguished. The counts
that are observed between the two hands are due to shadowing effect, due to the non-coaxial placement of
the illuminator with respect to the camera sensor. This shadowing effect can be eliminated by using two
illuminators or by placing the LEDs around the focusing optics of the sensor.
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Fig.6.19: Left: Distance map of two hands in front of a white diffusing target. Distance in meters is coded
in gray levels. Right: Histogram of distance distribution.
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Fig.6.20: Sample of 3D image.

To demonstrate the 3D ranging capabilities of the TOF sensor Fig.6.20 also illustrates the measurement of
a 3D scene. The distance information is coded in the z-direction and gray level intensity.

Fig.6.21: Sample frames from a video acquired in 7 3D frames per second.

Three sample frames from a video taken at 7fps are shown in Fig.6.21. The video, representing a person
in front of a white panel, has been spatially filtered using a 3x3 median filter. In the video a threshold on
the signal amplitude has been applied to filter out the noisy pixels due to shadowing effects and to
insufficient power of the back-scattered light.

Table-VI summarizes the specifications of the sensor chip. A 120x160 CMOS Time-Of-Flight range
camera based on Current Assisted Photonic Demodulators with 10x10 pm? pixel area and 24% fill factor.
The chip, having a power consumption of 200mW, mainly due to the contribution of modulation current,
demonstrate the feasibility of CAPD-based pixels in a medium resolution sensor fabricated on epitaxial
wafers with standard resistivity. A range camera system is realized with the proposed sensor and a 3-LED
illumination module delivering 140mW optical power on the target. The system, having 23°x 30° field of
view, is capable of acquiring a stream of 7 3D frames/s with a maximum non-linearity of 3.3% in the
range 1.2m-3.7m and a precision better than 10 cm at 2m and 20 cm at 3m.
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Table-VI: Sensor Summary

Technology : 0.18um 1Poly,4Metal CMOS
technology

Power Supply : 1.8V & 3.3V transistors

Sensor area © o 2.5%x2.5 mm’

Number of Pixels 120 x 160

Pixel size/Fill Factor : 10 x 10 pm*/ 24%

Modulation Frequency . >20MHz

Maximum non-linearity : 3.3% in the range 1.2m-3.7m

Precision : 10 cm at 2m and 20 cm at 3m

Power consumption : 200mW
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Chapter 07

Conclusion and Future work

In this century, imaging market continues to expand with new emerging applications. CMOS technology
permits the integration of the circuits in the same die as the sensor, thus reducing the cost, power
consumption, size and weight of the final camera. In this PhD dissertation, we have presented the
development and characterization of a Current Assisted Photo mixing Demodulator (CAPD) and the
realization of a 3D time-of-flight range camera in 0.18pum CMOS technology.

The first part of the thesis provides some theoretical background, including an overview of photodetection
in semiconductors, the definition of some conventional parameters of photodetectors, and a comparison
between the classical CCD image sensors and CMOS imagers, which have achieved more importance in
recent years. Nowadays, CMOS APS explosion is due to the fact that these devices can be fabricated with
standard technologies that are gradually being miniaturized and improved, driven by the computer
industry. This makes possible to employ more and more functionality within the sensor device and to
realize more pixels in the same chip area. We have also given an overview of the different range
measurement techniques, their corresponding advantages and drawbacks and the typical applications in
distinct industrial areas. Among other optical techniques, the time-of-flight (TOF) technique has been
preferred for this project because of the better performance in terms of acquisition speed and wide range
of detectable distance as well as lower cost.

The core of the thesis has covered the most relevant issues related to the design and characterization of
CAPD devices fabricated in a custom technology on high resistivity silicon substrates. Structures with
different shapes and sizes have been considered and compared in terms of electrical and electro-optical
performance. In particular, we have investigated the DC and dynamic demodulation performance of a
linear-shaped CAPD device. For 10 MHz modulation frequency we measured a dynamic demodulation
contrast of 25% for a 650nm modulated laser light source. We also measured the DC demodulation
efficiency of the same device and the obtained result is about 100%. In the multiple strip CAPD devices,
the effective potential gradient is applied to the multiple modulating electrodes, a fact that speeds up the
signal charges transferring to the detection regions. The measured dynamic demodulation contrast is more
than 20% at 30 MHz modulation frequency. The maximum phase linearity error between the applied
phase and the measured phase is 3.9%. However, as multiple strip conductors are used in this device, the
fill factor is very low with respect to the device size. Finally, a round shaped CAPD device has been
characterized. The substrate contact of this device is not uniform and the applied drift field does not
spread equally over the sensitive area, thus lowering the speed of the device, despite the device DC
demodulation contrast is nearly 90%, which indicates good demodulation efficiency of this device at low
frequency. Although not truly representative of the final CMOS CAPD devices, due to the largely
different fabrication process, these test structures have been deemed appropriate to investigate the main
design concepts and to provide a first test bench for comparison of experimental characteristics and
simulation prediction, with reference to a technology for which all the relevant information is available.

Later, we have extensively investigated the simulation and experimental performance of a CMOS based
CAPD device. The demodulator structure has been featured in a small pixel area of 10 x 10 pm’® and
fabricated in the standard 0.18um CMOS technology. Static characterization of the CAPD structures has
been carried out using a 650nm laser to illuminate the device. Therefore, the device DC charge transfer
efficiency was measured. It was found to be larger than 80% with a modulation voltage of 0.5V. The
corresponding power consumption was measured and is 10 uW. At 45SMHz modulation frequency, we
measured the dynamic demodulation contrast of 40% with a modulation voltage of 800mV. Our proposed
device can be competitive with existing photo-gate-based mixer technologies because it offers a larger
demodulation contrast and a bandwidth comparable with the best devices presented so far. Phase
measurement of the device showed an excellent linearity for sinusoidal and square waves where the
maximum linearity error was found to be 0.11% for the former and 0.16% for the latter. In the case of
square-wave modulation, a small phase linearity error indicates a small influence of the high frequency
harmonic components on the phase determination. We obtained a peak quantum efficiency of 35% at
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500nm wavelength and more than 20% in between 500nm and 600nm. The percentage of maximum
deviation between measured shot noise and theoretical noise is 5.19%, which indicates that the device
shot noise is low. The electro-optical characterization of this device has shown very encouraging results.
The limited power consumption and the high demodulation contrast of the CAPD are suited for
implementing it as a camera pixel for time resolved imaging applications such as time-of-flight range
imaging.

Finally, this PhD thesis has focused on a 3D imaging system, based on CMOS CAPD device, and
consisting of a 120x160 pixel array. The illustrated pixel layout is 10x10 um® with a fill factor of 24%.
For the TOF measurement, the illumination module is composed of 3 high power LEDs in series with a
wavelength of 850nm. We have inspected the correlation function of our imaging system. A 20MHz
modulation frequency and both the sine-wave and square-wave signals have been used in this
measurement. We have found the maximum linearity error of the pixel array to be 0.60%, corresponding
to an error of 4.5cm in the distance measurement. The 3D ranging performance of the system was
measured using a square wave modulation signal with 20 MHz frequency. The sensor had a field of view
of 23°x 30° and the average optical power inside this field was 140mW, while the LEDs were operated
with an average current of 400mA and a maximum current of 800mA. The overall power consumption of
the pixel array was found to be 200mW with a modulation current of about 400mA. The optical signal
modulation depth was measured as 80%. A 30 ms integration time per frame was set, giving a range
image frame rate of 7fps. The distance range between 1.2 m and 3.7m was measured and showed that the
sensor was capable of measuring distance maps with quite a good accuracy. The maximum non-linearity
was 3.3% in the range 1.2m-3.7m and a precision better than 10 cm at 2m and 20 cm at 3m was achieved.
Apart from the first point (1.2m) in the range measurement series, where the sensor is close to saturation,
the measurement precision increases with the square root of distance, as can be predicted theoretically for
a diffusing target.

This dissertation has a broad aspect of TOF based 3D CMOS imager including device architecture, pixel
structures, processing parameters and TOF related physical phenomena of the image sensor. However, the
final operation of the system was limited in terms of modulation frequency and distance measurement. In
our case the maximum modulation frequency reached 20MHz. The reason for not being able to increase
the modulation frequency and distance further was the limitation of the available control and driving
electronics and also the intrinsic limitation of the light source we used. To overcome these limitations, it
is necessary to use a higher power illumination module and to optimize the driving electronics to drive the
modulation frequency larger than 20MHz. Recently we have developed a high power CMOS based
illumination module to be used as a light source. For further investigation, it can be possible to measure
longer range distance at high modulation frequencies. For the miniaturization of the pixels and in order to
achieve better image resolution, the evaluation of the integrated imagers in 130nm or 90nm CMOS
technology is a promising research direction. Moreover, a compact 3D range camera with excellent
performance of CAPD sensor can be developed, which will realize additional functionalities such as
illumination system, distance calculation system and image processing tasks. The information of our
present results from CAPD device and 3D image sensor functionalities can be used in advanced tasks,
which lead us to predict broad applications in surveillance, inspection, safety, production and autonomous
navigation systems.
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Appendix-A
Related terminology of the image sensor used in this thesis

Sources:

http://www.aapn.mcgill.ca/eng/resources/PhotonicsGlossary.pdf &
http://www.datx.com/solution_center_mach_vision/Glossary-of-Machine-vision.pdf (gratefully
acknowledged).

Accuracy- The extent to which a machine vision system can correctly measure or obtain a true value of a
feature. The closeness of the average value of the measurements to the actual dimension.

Ambient Light- Light which is present in the environment of the imaging front end of a vision system
and generated from outside sources. This light, unless used for actual scene illumination, will be treated

as background noise by the vision system.

Bandgap - In a semiconductor material, the minimum energy necessary for an electron to transfer from
the valence band into the conduction band, where it moves more freely.

Bandwidth- The range of frequencies over which a particular device is designed to function within
specified limits.

Beam splitter- An optical device for dividing a beam into two or more separate beams. A simple beam
splitter may be a very thin sheet of glass inserted in the beam at an angle to divert a portion of the beam in

a different direction.

CCD (Charge Coupled Device)- A photo-sensitive image sensor implemented with large scale
integration technology.

Collimated Lighting- Radiation from a given point with every light ray considered parallel. In actuality,
even light from a very distant point source (i.e. a star) diverges somewhat.

Crosstalk- The measurable leakage of optical energy from one optical channel to another. Also known as
optical coupling.

Dark current- The current that flows in a photodetector when there is no optical radiation incident on the
detector and operating voltages are applied.

Depth-of-Field- The range of an imaging system in which objects are in focus.

Detector- A device designed to convert the energy of incident radiation into another form for the
determination of the presence of the radiation. The device may function by electrical, photographic or
visual means and a device that provides an electric output that is a useful measure of the radiation that is

incident on the device.

Dynamic Range- The measure of the range light sensitivity a sensor is able to reproduce, from the
darkest to the brightest portion of a scene. Usually expressed in decibels.

Field-of-View- The 2D area which can be seen through the optical imaging system.
Fill factor (FF)- Ratio between the light sensitive pixel area and the total pixel area.

Focus- The point at which rays of light converge for any given point on the object in the image. Also
called the focal point.
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Focal Length- The distance from a lens principal point to the corresponding focal point on the object.
Gain- Also known as amplification. The increase in a signal that is transmitted from one point to another
through an amplifier. A material that exhibits gain rather than absorption, at certain frequencies for a
signal passing through it, is known as an active medium. In a photo detector, the ratio of electron-hole
pairs generated per incident photon.

Image- Projection of an object or scene onto a plane (i.e. screen or image sensor).

Image Capture- The process of acquiring an image of a part or scene, from sensor irradiation to
acquisition of a digital image.

Image Processing- Digital manipulation of an image to aid feature visibility, make measurements or alter
image contents.

Incident Light- Light which falls directly onto an object.

Laser illumination- Lighting an object with a laser source for frequency selection, pulse width (strobe)
control or for accurate positioning.

Linearity- For optical measurement instruments, generally used to refer to the deviation of a measured
change of a performance parameter (e.g., power, wavelength) from the expected change.

MOS Array- Metal Oxide Semiconductor camera array sensor with random addressing capability, rows
and columns of photodiodes and charge sent directly from the photodiode to the camera output.

Object- The 3D item to be imaged, gauged or inspected.

Photodiode- A single photoelectric sensor element, either used stand-alone or a pixel site, part of a larger
Sensor array.

Photometry- Measurement of light which is visible to the human eye (photopic response).

Photon- A quantum of electromagnetic energy of a single mode; i.e., a single wavelength, direction and
polarization. As a unit of energy, each photon equals hv, h being Planck's constant and v, the frequency of
the propagating electromagnetic wave. The momentum of the photon in the direction of propagation is

hv/c, ¢ being the velocity of light.

Pixel- An acronym for "picture element." The smallest distinguishable and resolvable area in an image.
The discrete location of an individual photo-sensor in a solid state camera.

Precision- The degree of spread or deviation between each measurement of the same part or Feature.

Quantum efficiency (QE)- Ratio between the number of generated electrons and the number of
impinging photons.

Range Measurement- Determination of the distance from a sensor to the object.

Resolution - Describes the degree to which closely spaced objects in an image can be distinguished from
one another.

Responsivity- Output per unit input of a radiation detector.

Sensitivity- In a radiation detector, the ratio of the output to the input signal.
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Solid-State Camera- A camera which uses a solid state integrated circuit chip to convert incident light or
other radiation into an analog electrical signal.

Spectral Analysis- Evaluation of the wavelength composition of object irradiance.

Spectral Response- Ratio of current and incoming light power for a given wavelength. Units: A/W.
Structured Light- Points, lines, circles, sheets and other projected configurations used to directly
determine shape and/or range information by observing their deformation as it intersects the object in a

known geometric configuration.

Visible Light- The region of the electromagnetic spectrum in which the human retina is sensitive, ranging
from about 400 to 750 nm in wavelength.

Wavelength- The distance covered by one cycle of a sinusoidal varying wave as it travels at or near the
speed of light. It is inversely proportional to frequency.
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Appendix-B

B.1 Pseudo Differential Amplifier: The beginning of the integrated circuit led to the development of the
circuit configurations that used the strengths of monolithic technology advantage. The differential
amplifier circuit configuration in particular assumed considerable prominence in this respect. In this
thesis, for the electro-optical characterization of the test device we used a pseudo differential amplifier. In
this experiment a dual output signal generator is used to generate two sine wave signals. One of the two
signals is used to modulate a laser emitter and the other is connected to the input of a pseudo differential
amplifier. Two output signals of the differential amplifier with 180° phase shift are connected to the
modulating of electrodes of our device [see in Chapter 05 Fig.5.6 (b)]. In the following section we will
describe a pseudo differential amplifier circuit and its operation.
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Fig.A.1: (a) Differential Amplifier circuit (b) Emitter follower Circuit
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The differential pair circuits are one of the most widely used circuit building blocks. A differential
amplifier provides two input and two output terminals, the input to be amplified is usually connected
between one input and circuits ground. The other input is used for feedback and other purposes. The two
outputs are taken from the collector terminals of the transistors Q1 and Q2. The basic differential
amplifier circuit using BJTs is shown in Fig. B.1. The circuit consists of two common-emitter amplifiers
with emitter resistor. Ideally both transistors Q1 and Q2 should have equal parameters; in this case the
collector current in the transistor Q1 and Q2 can be described

Ie;=Ic; and Ig=1g,=Ic3/2

A current source is used to DC bias Q1 and Q2. This current source is designed to overcome variations in
the transistors parameters and for temperature compensation. A simple current source consists of an npn
BJT and a biasing scheme similar to the common-emitter amplifier. The resistance R6 is chosen for the
specified biasing current and insures that the transistor Q3 stays in the active mode of operation.
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Fig.B.2: Simulation results of Differential Amplifier (a) Input (b) Output signal of the Emitter follower
In the outl and out2 of the differential amplifier a common collector amplifier is used as a buffer because

of its high input resistance. The collector is connected directly to the dc power supply which is an ac
ground. The out! of differential amplifier is connected to the base and the output is taken from the emitter.
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The output signal is in phase with the input signal looking from the input coupling capacitor to the base,
the equivalent ac circuit has the bias resistors and the resistors in the emitter circuit as shown in Fig.B.1 (b)

The ac circuit can be simplified by combining the emitter and load resistors into one equivalent resistor
(Rg || R;). As in all linear amplifiers, the voltage gain in this common collector amplifier is Ay= V,,/Vi,.
In this analysis of the gain, the bias resistors are not included because they do not directly affect the input
signal although they do cause the loading effect on the source. In the figure of common collector circuit
the input voltage is across emitter resistance 7', in series with the Rz || R;. The output is across only R ||
R;. In the usual case ', is small compared to R || R;, so we can ignore the small drop across r. It means
that the input and output voltages are nearly the same.

Therefore, Ay =1

Because of the small drop across 7', the actual gain is slightly less than 1. Since the output voltage on the
emitter follows the input voltage that’s why it is called emitter-follower. We know the emitter follower is
characterized by a high input resistance which makes it a very useful buffer circuit to minimize the
loading effect. Looking from the source of buffer circuit the total input resistance

Rin (tot) = Rl || RZ || [ﬁac (r’e + RE || RL)]

The signal current gain for the emitter follower is /,,,//I5 ; where I,,,4 1s the ac current in the load resistor
and /s is the ac current from the source. The current / is calculated using V;,/R;u40,. Since the voltage gain
is approximately 1, the input voltage is also across the load. Thus, the load current is V,/R;.

[ load __ I/in /RL

IS _I/in/R

Therefore, A =

in(tot)

Fig.B.2 shows the simulation result of the differential amplifier circuit. Fig.B.2 (a) indicates the input
signal of the circuit and Fig.B.2 (b) shows the final output results of the amplifier after the emitter
follower circuit.

B.2 Laser Driver Circuit: For the device experiment we need to use a laser illuminator to illuminate the
device. I laser driver is used to drive the laser. We know solid state lasers use stimulated emission to
generate light by creating a large population of high energy electrons and a small population of low
energy electrons within a cavity surrounded by highly reflective surfaces. The laser driver design is a
simple concept but we need to give some attentions such as large output current requirements and ‘clean’
operation at full bit-rate. Bipolar transistors are the best suited for the design of laser drivers due to their
very high current densities, high gain and bandwidth.

The circuit of Fig.B.3 shows a simple driving circuit, using a common emitter configuration. This
amplifier circuit converts an input base voltage into a collector current. Figure shows the arrangement
most commonly used for biasing a discrete-circuit transistor amplifier if only a single power supply is
available. The technique consists of supplying the base of the transistor with a fraction of the supply
voltage VDD through the voltage divider R1, R2 and R3. Here R3 is a variable resistance to adjust the
circuit biasing. In addition, a resistor R4 is connected to the emitter. The laser is connected to the collector
of the transistor Q1 and the input signal is applied to the collector port also. The common emitter
configuration is adapted with a bipolar transistor providing current gain and the output current flowing
through the Laser. Lasing occurs only at current levels above the threshold current of the laser. A monitor
diode is used to control the current fed through the laser by the constant circuit for stable and reliable
operation. By adjusting the monitor resistance it can be possible to stabilize the laser current.
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Fig.B.3: Simple laser driving circuit, using a common emitter configuration

Because the laser diodes have to be operated at a high current density and they are at risk of destroying
themselves due to thermal runaway. As a result their electrical operation must be much more carefully

controlled than a LED.

Lo
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