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Abstract

Research on X-ray imaging sensors and systems have been carried out for several decades. To make
these X-ray scanners smaller with better performance and higher operating speed is an important
subject for scientific research and industrial applications.

This thesis covers a whole X-ray line-scan camera system. Special attention is given to the smart
sensor micromodule design and processing technology. The smart sensor micromodule is an
integrated sensor card that includes both silicon X-ray sensor array and signal-processing integrated
circuits, which can perform the functions of both an optical sensor and an analog signal processor.
Digital signal processing (DSP) made by application specific integrated circuits (ASICs) is also
covered in this thesis.

Processing technology of the photodiode array, design of the integrated circuit, design and
packaging of the micromodules are presented in this thesis. The mechanism of photodiode leakage
current is studied in detail. Measured results show that the leakage current level of the photodiode
array achieves 80 pA/cm2 under zero bias condition, which outperforms the best photodiode reported
so far.

The algorithm of the digital signal processing is also studied. The X-ray scanning system can
achieve 2 m/s scanning speed with a spatial resolution of 400 mm.

Keywords: silicon detector, active pixel sensor, photodiode, X-ray imaging
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List of symbols and abbreviations 
 
 
 

Latin letters 
 
A   amplifier gain 
Ane   the peak value of the amplifier noise gain 

AOL  open loop amplifier gain 
AS   depletion area of Si/SiO2 interface 
C   capacitor 
Cf   feedback capacitor 
COX  oxide capacitance 
CS   depletion capacitance 
c   light speed in vacuum 
d   duty cycle of sample clock signal 
Dit   interface state density 
Dn   diffusivity for n-type minority carrier 
Dp   diffusivity for p-type minority carrier  
Eg   energy bandgap 
fp   pole frequency of amplifier 
fu   unity gain frequency of amplifier 
fz   zero frequency of amplifier 
h   Planck constant 
hi   the ith coefficient of transfer function 
I   current 
IBOUND  boundary leakage current 
ID   leakage current of photodiode 
Id   shot noise spectral density 
IDR   minority carrier current 
IG   thermal generation current in depletion region 
IIN   input current 
IINTER  Si/SiO2 interface leakage current 
IPHOTO  photo current 
ISURF  surface leakage current 



k   Boltzmann constant 
L   channel length of the MOS transistor 
Lα   effective absorption length 
Ln   n-type minority carrier diffusion length 
Lp   p-type minority carrier diffusion length 
N   doping concentration 
NA   acceptor impurity density 
ND   donor impurity density 
Neff  effective oxide charge density 
QCH  channel charge of MOS transistor 
Qf   fixed-oxide charge 
Qit   interface-trapped charge 
Qot   oxide-trapped charge 
Qm   mobile ionic charge 
Popt   optical power 
q   magnitude of electronic charge 
R   Resistor 
REQ  equivalent resistor 
Rf   feedback resistor 
S   surface generation-recombination speed 
SN   signal voltage 
t   time 
V   voltage 
VA   analog ground 
VB   reverse bias voltage for the photodiode 
VD   digital ground 
Veff  effective gate voltage of MOS transistor 
VGS  gate source voltage of MOS transistor 
VIN   input voltage 
VN   noise voltage 
Vos   offset voltage 
VOUT  output voltage 
Vt   threshold voltage of MOS transistor 
Vtn   threshold voltage of N type MOS transistor 
Vtp   threshold voltage of P type MOS transistor 
W   channel width of the MOS transistor 
wD   width of depletion region 
wi   the ith internal data of digital filter 
 
 
Greek letters 
 
α   optical absorption coefficients 
ε   permitivity 
ε0   permitivity in vacuum 
Φ   photon flux 



φ   clock signal 
λ   wavelength 
λc   cutoff wavelength 
τ   time constant in electrical circuits 
τn    n-type minority carrier life time 
τp   p-type minority carrier life time 
υ   frequency of light 
µ   permeability 
µ0   permeability of vacuum 
 
 
Abbreviations 
 
AGND analog ground 
ASIC  application-specific integrated circuit 
AZ   autozeroing 
BW  bandwidth 
BWS  signal bandwidth 
BWe  noise bandwidth 
CCD  charge-coupled device 
CDS  correlated double sampling 
CLK  system clock signal 
CMOS  complementary metal oxide semiconductor 
CPLD  complicated programmable logic device 
CT   computerized tomography 
DAS  data acquisition system 
DGND digital ground 
EMC  electromagnetic compatibility 
DSP  digital signal processing 
FET  field effect transistor 
FIR  finite impulse response 
FPGA  field programmable gate logic 
FPN  fixed pattern noise 
GND  ground 
HTBE  high temperature black epoxy 
IC   integrated circuit 
IIR   infinite impulse response 
I/O   input/output 
LNA  low noise amplifier 
LTCC  low temperature co-fired ceramics 
NDT  non-destructive testing 
MAC  multiplier accumulator 
MOS  metal oxide semiconductor 
NMOS n-type MOS transistor 
PCM  processing control monitor 
PMOS  p-type MOS transistor 
PSD  power spectral density 



RF   radio frequency 
S/H  sample and hold 
SOI  silicon on insulator 
S/N  signal/noise ratio 
VDD  +5V single power supply for CMOS integrated circuits 
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1 Introduction 
 
 

1.1 X-Ray line-scan camera 
 

X-ray line-scan cameras are very common in various quality inspection and NDT (Non-
destructive testing) applications. They are used for finding foreign objects in food 
products, checking for missing products in packages, checking fill-level, and inspecting 
contents of one’s luggage. Linear arrays have been available for more than ten years and 
during these years the technology has developed towards higher scanning speeds, better 
dynamic range, and smaller pixel sizes [Koskinen 2001]. The linear arrays have become 
more and more common in the field of NDT. A typical X-ray line-scan camera is 
illustrated in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A typical X-ray line scan camera (Courtesy of Detection Technology Inc.). 
 

X-ray line-scan cameras are complicated devices with large amount of electronics. A 
typical modern X-ray line-scan camera can be divided into the following main parts: 
scintillator, photodiode array, detector front-end, data acquisition system, control unit, 
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mechanics, power supply, accessories, frame grabber card, and software. The block 
diagram in Fig. 2 shows the signal flow of a typical X-ray line-scan camera. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Fig. 2. Signal flow chart of a typical X-ray line-scan camera. 
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Most of the X-ray line-scan cameras use some type of scintillators to transform the 
incoming radiation into visible light. The reason is that the absorption efficiency of plain 
photodiode is not high enough for X-ray energies above 30-35 keV. Photodiode arrays 
[Holland 1989, Kemmer 1984, Betta et al. 1997] are used to measure the amount of 
visible light generated by the scintillators [Knoll 1989].  

The front-end part includes pre-amplifying and multiplexing electronics [Hoe et al. 
1996, Heijne 1991, Matsumoto et al. 1987, Najakaj et al. 1986, Thelen D et al. 1997]. 
The purpose of the pre-amplifying electronics is to integrate and amplify the very low 
current output from the photodiode arrays. The scintillator, photodiode array and front-
end electronics are made into the smart sensor micromodule [Gallagher, 1992]. After the 
pre-amplifying and multiplexing electronics, there is a part called DAS (Data Acquisition 
System). The DAS typically contains other amplifier stages, such as adjustable gain 
amplifiers and buffer amplifiers, which amplify the signal further until it is suitable for 
A/D-conversion. The main function of the DAS is A/D-conversion of the signal. 

The Control unit includes the control and digital signal processing electronics 
[Orfanidis, 1996], and the frame grabber interface electronics. This part controls the 
detector based on the data received from the computer. The data may include requests to 
calibrate, to grab an image, or to set the integration time variable. It may also contain 
calibration data or other settings. The most common way to send the data from computer 
to the detector is to use RS-232 interface. One of the control electronics’ main functions 
is to provide the required timing signals for both the DAS and the frame grabber.  

Frame grabber interface electronics take care of the communications between the 
detector and computer. They transform and buffer the data in order for frame grabber 
board to be able to read it. RS-422 is usually chosen as the interface standard.  

The mechanics include the metal enclosure, which also acts as the electromagnetic 
shielding [Ott 1989], X-ray beam collimator, X-ray entrance window, and X-ray 
shielding for the electronics. The enclosure may be sealed or include a fan for forced-air 
cooling. There are separate enclosures for the power supply and the detector, but also the 
control unit may be in its own enclosure. Fig. 3 shows an example of X-ray line-scan 
camera’s mechanics. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. A typical X-ray line-scan camera’s mechanics. 
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performance from the arrays. However, most detector arrays include internal voltage 
regulator circuits, which enables the use of switching power supplies without sacrificing 
the performance. Therefore the user may be able to utilize the power available in the 
system and does not need an additional power supply for the detector.  

There are also small accessories, such as cables, connectors, etc. During the assembly 
of these parts, electromagnetic compatibilities and radiation protection should also be 
carefully considered.  

Line-scan imaging will proliferate in industrial imaging applications as economics 
make line-scan more attractive than area imaging. The demand for speed, responsivity 
and dynamic range has determined the path for line-scan imaging for the past 15 years 
[Butler 2001]. Body size, intelligence and ease of use allow line-scan camera to bring 
great benefits to new applications. 

 
 
 

1.2 Purpose of the thesis 
 

During the last few years, intensive research work has been carried out to develop X-ray 
imaging sensors and systems. The availability of FPGA, DSP and logic circuits has made 
it possible to build high-performance detector arrays, which can be easily customized. 
Optimizing the detector array for a specific application becomes easier. Due to the 
improved flexibility and the diversified application requirements, there will most 
probably be, in the future, wider variety of options for the detector arrays.  

The purpose of this thesis is to study X-ray imaging sensor fabrication technology, 
and the method to design and manufacture smart sensor micromodule and microsystem. 
Noise reduction is the key issue for building a high-resolution imaging system. In order 
to reduce the noise of the photodiode, the leakage current must be reduced [Sze 1985]. So 
the fabrication of the silicon optical sensor array, especially the methods to minimize the 
leakage current and noise have to be studied. The target is to design and fabricate the 
photodiode array that has low leakage current and good performance. 

 The design of the low noise switched capacitor integrator and sampling circuit is 
another important issue to make the high-performance smart sensor micromodule. The 
digital signal processing can further reduce system noise, and it is very crucial to system 
operating speed.  

In this thesis, a complete design of X-ray line-scan camera has been presented. The 
purpose of this study is to develop an X-ray line-scan camera with good performance and 
better potential to be optimized in the future, and also with a lower cost and better 
reliability. Special attentions have been given to the design and fabrication of the smart 
sensor micromodule. 
 
 
 

1.3 The author’s contribution 
 
With the development of modern information technology and microelectronic techniques, 
the conception of sensor already extends to a much broader sense. A traditional sensor 
can only perform the function of converting physical signals (X-ray, heat, mechanic 
shocks, acceleration, etc.) to electrical signals (current or voltage). Nowadays people 
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want new sensors that can have the signal processing capacity, that is easy to use but 
much more powerful than before. The physical signal should be detected and processed 
by the sensor and in the end the results should be able to be recognized and processed by 
the computer. Thus, these new type of sensors are called smart sensors. Well-designed 
smart sensors can improve the efficiency, yield and reliabilities of production or scientific 
research. 

The mechanism of reducing leakage current is discussed. Measured results indicate 
that with the novel processing technology presented in this thesis, the leakage current of 
the silicon photodiode achieves 80 pA/cm2. The author’s contribution includes the 
following: 

1. The unique annealing technology studied in this thesis can greatly reduce the 
leakage current level; 

2. Alloying process is found effective to reduce the leakage current of the photodiode 
[Sze 1985, Zhuang 1987]. Experiments have been made to demonstrate the effect of 
alloying and explained in this thesis. 

A mixed-signal integrated circuit is designed in this thesis. The author designed the 
circuit independently. Several circuit design techniques, such as correlated double 
sampling, delayed two-phase non-overlapping clocks and deglitching capacitors are 
innovatively combined together to form the low-noise continuous processing CMOS IC. 
The author’s contribution includes the following: 

1. Schematic design and circuit simulation; 
2. Layout drawing and design verification; 
3. Design and measurement of the smart sensor micromodule. 
The digital signal processor removes the fixed pattern noise problem that is common 

in all the CMOS active pixel sensors [Zarnowski et al. 1999]. The author independently 
designed the digital signal processor that performs the noise filtering and digital 
corrections. The author’s contribution includes the following: 

1. All the DSP algorithm design; 
2. Circuit design and simulation; 
3. Hardware design and verification. 
This thesis emphasizes the conception of smart sensor. Great efforts have been made 

to make the sensor powerful and easily operated. Most of the original design ideas in this 
thesis have been carefully verified by hardware and measurements.  

Mr. Iiro Hietanen, Prof. Wang Yong and Mr. Chen Wu are cooperators in this 
research work. They contributed to the research and development of the X-ray line-scan 
camera presented in this thesis. Mr. Iiro Hietanen’s contribution was mechanics design 
and thermal management of the X-ray line-scan camera system. Prof. Wang Yong gave 
lots of valuable advice on the photodiode fabrication technology. Mr. Chen Wu made all 
the software for the smart sensor microsystem. Their contribution is very important to the 
author’s research work, where the author’s contribution is mainly concentrated on 
photodiode processing technology and ASIC design. 

 
 
 

1.4 Contents of the thesis 
 

Chapter 2 of this thesis discusses the design and fabrication of low noise silicon 
photodiode array. Emphasis is placed on the leakage current suppression and processing 
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technology. Detailed analysis and measured results have been provided. Chapter 3 
focuses on the design of the smart sensor integrated circuit. This IC combines the benefits 
of small size, low noise and high speed. Detailed discussion on the circuit principle is 
provided, with the concentration on noise reduction techniques and implementation of the 
continuous processing circuit structures. Simulation results and layout topologies are 
presented. Chapter 4 discusses the fabrication of the smart sensor micromodule, including 
the wire bonding, the packaging of the integrated circuit and silicon photodiode arrays, as 
well as peripheral circuits design and electromagnetic compatibility considerations. 
Chapter 5 discusses the whole X-ray line-scan camera system. Special attention has been 
given to the digital signal processing theories and practice, and the realization of digital 
signal processing algorithm on hardware, as well as the measured results. Chapter 6 
presents the testing images, and miscellaneous specifications of the X-ray line-scan 
camera. Chapter 7 is the conclusion of the main aspects of this thesis. Because there are 
many scientific experiments and measurements, so the measurement methodology and 
accuracy are discussed in the appendices.  



hυ Eg 
Et 

(c) 
(b) (a) 

EV 

EC 

 
 
 
 
 
 
 
 
 
 
 
 

2 Silicon sensor design and fabrication 
 
 

2.1 Fundamentals of photodiode detectors 
 
 

2.1.1 Principle of photodiode 
 

Photodiode detector is the key part of an X-ray imaging system. It determines the 
sensitivity and other main characteristics of the system. There are many choices for the 
detectors, for example, gas detectors, photodiodes, avalanche photodiodes, 
photoconductor devices, etc. [Pace, 1999]. In this thesis, high performance silicon 
photodiodes are used for the X-ray detector.  

When incident light goes through semiconductor devices, photons are absorbed to 
create electron-hole pairs as shown in Fig. 4 [Sze, 1985]. If the photon energy hv is equal 
to or larger than bandgap energy Eg, an electron-hole pair is generated and the excess 
energy is dissipated as heat. This process is called intrinsic transitions or band-to-band 
transitions. If the photon energy hv is less than Eg, photons can be absorbed only if there 
are available energy states in the forbidden bandgap due to chemical impurities or 
physical defects. This process is called extrinsic transitions. Usually intrinsic transitions 
dominate in optical absorption. 
 
 

 
Fig. 4. Optical absorption for (a) hυ = Eg, (b) hυ > Eg , (c) hυ < Eg. 
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 Optical absorption coefficient α is defined as the fraction of decreased photon flux 
F (x) within an incremental distance 
 

adx = - dF (x) /F (x)                  (2.1) 
 
The effective absorption length is 
 

Lα = 1/a                     (2.2) 
 
The absorption coefficient decreases rapidly at the cutoff wavelength λc where hv = Eg, 
and the intrinsic absorption becomes negligible. 
 

λc = hc/Eg = 1.24/Eg (µm)                (2.3) 
 
The bandgap of silicon is 1.12 eV and the cutoff wavelength of silicon detector is 1.11 
µm, which is already in infrared region. So the visible light can be detected satisfactorily.  
 In applications, photodiode is usually zero-biased or reversely biased. Photocurrent 
mainly comes from the electron and hole pairs generated in the depletion region. 
Electrons or holes generated within a diffusion length of the depletion region can also 
diffuse to depletion region. These photon-generated carriers are separated by the electric 
field in the depletion region, and eventually collected by electrodes. Electron-hole pairs 
generated out of these regions will recombine before being separated, so they do not 
contribute to photocurrent.  

Quantum efficiency is used to define the efficiency of photo generation and 
transportation. It is defined as the number of electron-hole pairs generated for each 
incident photon 

 

















=

ν
η

h

P

q

I optphoto                      (2.4) 

 
where, Iphoto is the photon generated current and Popt  is the optical power.  

The responsivity gives the current produced by a certain optical power. The 
responsivity is defined by 
 

 
opt

photo

P

I
R =                     (2.5) 

 
Fig. 5 shows typical plot of responsivity for a photodiode. On the long wavelength 

side, responsivity drops sharply at the cutoff wavelength because the intrinsic absorption 
gets negligible. Drop in short wavelength is due to very large optical absorption 
coefficient a, and hence photons are absorbed very near the surface, where the 
recombination probability is much larger than inside bulk. So silicon photodiode is not 
suitable for direct detection of short wavelength light and high-energy rays such as X, α 
and β ray.  

For X-ray detection, scintillators are used [Knoll G, 1989] to convert X-ray signal to 
visible light. Therefore the detector studied in this thesis is visible light detector. 
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Fig. 5. Typical plot of responsivity for photodiode (Courtesy of Detection Technology Inc.). 
 
 

2.1.2 Structures of photodiodes 
 
The photons absorbed in depletion region can achieve the highest quantum efficiency. 
The photon-generated electron-hole pairs excited in p-region or n-region cannot 
contribute to the photocurrent unless they are in depletion region or within the diffusion 
length of the depletion region. In order to get the highest quantum efficiency, the 
depletion region of the detector should be made wide. 

The generation-recombination effect in the surface of silicon is strong, so the light-
generated carriers near the surface will recombine before they are separated by the 
electrical field. In order to make most of the photon-generated carriers collected by the 
electrodes instead of recombining again near the surface, the interface states should be 
minimized and the depletion region should be made as close to the surface as possible. 

The shallow p+-n junction (depth < 2 µm) makes the depletion region in high 
impedance n-type substrate as close to the silicon surface as possible, therefore high 
quantum efficiency can be achieved. High density p+ doping can avoid the depletion 
region extending to the Si/SiO2 interface, for that the high recombination rate at the 
interface will reduce the quantum efficiency drastically.  

A p+-n-n+ structured shallow junction in high impedance substrate is fabricated to 
make the silicon photodiode detector, as shown in Fig. 6. The n+ layer is realized by 
implantation to the bottom of the n-type silicon substrate. The purposes are: 1) To make 
good ohmic contact at the bottom side; 2) The integrity of the bottom side is not good 
enough, so the minority carrier has shorter lifetime. If the depletion region is extended to 
the cathode then the leakage current in the depletion region will increase drastically. 
When n+ implantation is made, the depletion region does not extend to the cathode at 
high bias mode, the degradation of the leakage current can be avoided; 3) The bottom n+ 
implantation can absorb impurities (especially heavy metal ions) effectively, therefore the 
minority carriers’ life time can be improved, so that leakage current will be reduced.  
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Fig. 6. Cross section view of the silicon detector studied in this thesis. 
 
 Passivation layer (Si3N4) is deposited in the field area to protect the photodiode from 
contaminations and surface scratching. On top of the active area, anti-reflection film 
(Si3N4/SiO2) is made to improve the optical absorption.  
 
 
 

2.2 Photodiode characteristics 
 
 

2.2.1 Response speed 
 
The response speed of a photodiode is limited by three factors: carrier drift time in 
depletion region, diffusion of minority carriers and capacitance of the depletion region. 
To minimize the diffusion effect, the junction should be formed very close to the surface. 
The greatest amount of light will be absorbed when the depletion region is wide, 
however, the drift time limits the frequency response if the depletion region is too wide. 
It should not be too thin either, or excessive capacitance will result in a large RC time 
constant, where R is the load resistance, and C is the junction capacitance. 

In the X-ray imaging system studied in this thesis, photodiode response speed is not 
the limiting factor. 
 
 

2.2.2 Noise 
 
Sources of noise that attribute to the detector can be categorized into three groups: 
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1. Fluctuations in the thermal-generated leakage current, commonly known as shot 
noise; 

2. Fluctuations in surface leakage current; 
3. Johnson noise associated with series resistance or poor electrical contacts to the 

detectors. 
Shot noise is typically the dominant noise in diodes and can be modeled with a 

current source in parallel with the equivalent resistance of the diode. The spectral density 
function of the current source is given by 
 

Id
2(f) = 2qID∆f                   (2.6) 

 
where q is electron charge and ID is the dc leakage current.  

Surface leakage is much more variable and depends on fabrication methods and past 
history of the detector. The third source includes the series resistance of the undepleted 
region of partially depleted junction detectors. This contribution can be eliminated if fully 
depleted detectors are used. 
 These noise sources add in quadrature, so that the total noise is 
 

enoise
2 = eshot

2 + esurface
2 + eJohnson

2                  (2.7) 
 
where enoise is the total noise caused by the photodiode, esurface is the noise caused by 
surface leakage current, and eJohnson is the Johnson noise caused by t he series resistance. 
From (2-7) it can be seen that in order to reduce the noise of the photodiode, the leakage 
current must be reduced. In the following sections, the mechanism of the leakage current 
is analyzed in detail. Novel processing technologies to reduce leakage current have been 
developed for the fabrication of low-leakage photodiodes.  
 
 

2.2.3 Leakage current 
 
When a reverse voltage is applied on a photodiode without light or radiation, a small 
current can be observed. This leakage current or so-called dark current comes from bulk 
and surface of the detector. Usually leakage current determines noise level in photodiode 
as we discussed above. 

Research has been made on the mechanism of photodiode leakage current [Sze 1985, 
Holland 1989, Kemmer 1984, Betta et al. 1997, Fontaine et al. 1993, Murukami 1994, 
Tewksbury et al. 1997], however, not all of the leakage sources are definitely clear. 
Generally speaking, leakage current sources of a photodiode can be classified into the 
following categories [Sze 1985]: minority carrier diffusion current IDR, thermal 
generation current in depletion region (body current) IG, Si/SiO2 interface leakage IINTER 
and surface current ISURF.  
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Fig. 7. Leakage current sources for photodiode. 
 
 
1. The minority carrier diffusion current IDR 

 
When the photodiode is reversely biased, the electrical field in the depletion region 
becomes stronger, breaking the balance between the carrier’s diffusion and drift, making 
drift current larger than diffusion current. The holes at the boarder of n region is drawn to 
p region by the strong electrical field of depletion region, the electrons of p region is 
drawn to n region. When the minority carriers are drawn away by the electrical field, the 
internal minority carriers come to replace them, which forms the diffusion current under 
reverse biasing. This current can be expressed by the equation  
 

( )npnpnpDR LnDLpDqAI 00 +=                 (2.8) 

or 
( )nnpppnDR DnDpqAI ττ 00 +=              (2.9) 

 
where A is junction area, Dp and Dn are the diffusion coefficients of minority carriers, Lp 
and Ln are the diffusion length, p0n and n0p are the equilibrium density of the minority 
carrier in the n region and p region respectively, τn and τp are the life time of minority 
carrier of electron and hole respectively. For our p+n structured photodiode, p0n>>n0p, 
tn<<tp, IDR is mainly determined by the diffusion current of the holes. So (2-8) and (2-9) 
can be simplified as  
 

ppnpnpDR DqApLpDqAI τ00 ==                  (2.10) 

 
IDR is not related to reverses bias voltage. Compared with other leakage current 
contributions, IDR is very small and can be ignored. 
 
2. Thermal generation current in depletion region IG 
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A second source of bulk leakage is the thermal generation of electron-hole pairs within 
the depletion region. This rate will obviously increase with the volume of the depletion 
region and can be reduced by cooling the material. Silicon detectors of usual dimensions 
have a sufficiently low thermally generated current to allow their use at room temperature. 
The expression of IG is 
 

DiG AwqnI )2/( τ=                      (2.11) 
 
where A is area of junction, τ is the life time of minority carrier, wD is the width of 
depletion area 
 

BADADsD VNNNNqw )/()(/2 0 += εε                 (2.12) 

 
where VB is the reverse bias voltage for the diode. For the photodiode detector, because 
NA>>ND , it can be reduced as 
 

DBsD qNVw /2 0εε≈                     (2.13) 

 
With the increase of VD, the depletion width is also increased. If τ is approximated as 

a constant value to VB, then IG is proportional to 
BV . 

 
3. Si/SiO2 interface leakage IINTER 

 
At the Si/SiO2 interface, broken bonds, impurities or other interface defects can form 
interface states, which are energy states in the silicon forbidden bandgap. Interface states 
can act as generation-recombination centers and increase the generation and 
recombination of electron-hole pairs. IINTER can be expressed as follows 
 

siINTER SAqnI =                      (2.14) 
 
where S is the surface generation-recombination speed, ds LwA = is the depletion area of 
Si/SiO2 interface, where L is the perimeter of the photodiode, wd is the width of the 
depletion region at the interface.  
 
4. Surface leakage ISURF 

 
Surface leakage effects take place at the edges of the junction where relative large voltage 
gradients must be supported over small distances. The amount of surface leakage can 
vary greatly, depending on such factors as the type of detector encapsulation used, 
humidity, and any contamination of the detector surface by finger prints, vacuum pump 
oil, or other condensable vapors. 
 
The thermal-generated leakage and the interface leakage are the dominating sources for 
the photodiode leakage current. Improving the photodiode interface state is the most 
effective way to reduce the leakage current. 
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2.3 Silicon photodiode design and fabrication 
 

Lots of research work has been made to improve the silicon photodetector planar 
processing technology [Holland 1989, Kemmer 1984, Betta et al. 1997, Fontaine et al. 
1993, Murukami 1994, Tewksbury et al. 1997, Yahaya 1998, Yoshida 1998, Usami 1995]. 
Among the specifications of the silicon photodiode, leakage current plays the most 
important role in the noise performance. The noise contributed by the leakage current can 
be expressed by (2-15) [Sansen et al. 1990] 
 

VN (s)2 = 2

2
1

D
f

I
sC

                     (2.15) 

 
where VN(s) is the noise voltage caused by the leakage current, Cf is the feedback 
capacitor, ID is leakage current, and s = jω. Equation (2-15) shows that reducing the 
leakage current can reduce the noise. 

Various efforts have been made to reduce the leakage current of photodiodes. Kranner 
& Zheng [1990] used Pd silicide to fabricate silicon detector which improves device 
characteristics. The structure is shown in Fig. 8. With this technology, the self-aligned 
Pd-silicide technology is incorporated into the silicon detector process to reduce the 
implantation damage on the silicon substrate and improve the contact. The improved 
surface state will reduce the leakage current. 45 nA/cm2 leakge current level has been 
achieved by this technology. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Structure of photodiode fabricated with self-aligned Pd-silicide technology [Zheng, 
Chen & Kranner, 1990]. 
 

Betta et al. [1995] proposed the extrinsic-gettering techniques to make the X-ray and  
γ-ray radiation photodiodes. Phosphorus implantation is implemented on the wafer 
backside, and post-implant annealing was performed. Lower than 1 nA/cm2 noise level 
has been achieved. Gettering technique [Kang & Schroder 1989, Murukami et al. 1994] 
is an effective method to reduce the leakage current and also adopted in this study. 

Usami et al. [1995], Schow et al. [1999] proposed the silicon p-i-n photodiode 
fabricated with SOI wafer. A simplified structure is shown in Fig. 9. In this technology, 
bonded SOI wafers are prepared as the substrate. The resistivity of the SOI layer and the 
substrate are 1-2 kΩcm and about 100 Ωcm respectively. The interfacial oxide thickness 
is 0.5 µm. These interfacial oxide layers are formed by the thermal oxidation on the wafer 
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for the substrate before bonding. There is a high concentration region (n+ layer) near the 
bonded interface at the SOI layer side. This layer is made by thermal diffusion of Sb 
before bonding in the wafer for the SOI layer. All the bonded wafers are annealed at 
1100°C for two hours after the wafer bonding at room temperature. The leakage current is 
reported to be about 250 pA/cm2 level with this technology. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Silicon PIN photodiode fabricated on bonded SOI wafer [Usami et al. 1995]. 
 
 Swe, Yeo and Chew [2000] proposed the optimization on the photodiode structures. A 
concentric square layout is proposed to optimize the photodiode performance. The 
concentric square layout is supposed to produce a depletion region at both the bottom and 
sidewall, therefore responsivity is improved. Leakage current of 160 pA is achieved 
while the photocurrent is around 6 µA. 
 

 
 
 

 
 
 
Fig. 10. Concentric square layout photodiode [Swe et al.  2000]. 
  

Recently, silicon photodiode has been the focus of attention as a widely used detector. 
The responsivity and sensitivity are quite similar for different types of photo-detectors, so 
the reduction of leakage current becomes the concentration of current research, especially 
for demanding image processing applications. The bonded SOI wafer method is suitable 
for making monolithic CMOS image sensor, which fabricates the photodiode and CMOS 
circuit into one piece of silicon.  The author has also contributed to the development of 
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monolithic silicon smart sensors [Wang H. et al. 1999], however, it is not the best 
solution for the X-ray imaging sensor or line-scan camera. Because the circuit and 
photodiode sensor are made in one piece of silicon, the performance of the sensor must 
be somehow compromised. Flexibility is also influenced by this integration, that is, the 
pixel size and array size cannot be changed without making a new set of masks. In order 
to reduce the cost and improve the reliability for industrial production, too complicated 
processing steps or structures should be avoided.  

In this thesis, the mechanism for photodiode leakage current is carefully investigated, 
and processing technology suitable for photodiode production is presented in the next 
sections. 
 
 
 

2.4 Guard rings 
 
Guard ring improves the breakdown voltage of the photodiode, and reduces the leakage 
current. The cross section view and top view of the guard ring is shown in Fig. 11 and Fig. 
12. For the photodiode with p+ guard ring, the guard ring uses the same bias voltage as 
the photodiode anode has. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Biased guard ring to reduce leakage current. 
 
 
 
 
 
 
 
 
 
 
 
            (a)       (b) 
 
Fig. 12. Top view of a photodiode layout (a) without guard ring and (b) with guard ring. 
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The biased p+ guard ring can reduce the electrical field strength near the boundary of 

the junction and interface. Usually positive charges tend to accumulate at the Si/SiO2 
interface. When the positive charges accumulate to certain level, the electrical field under 
the oxide becomes so strong that breakdown can happen near the edge of the junction. A 
reversely biased p+ guard ring will extend the electrical field wider and make it not so 
sharp as before. Therefore the breakdown voltage is improved. 

Another important function of the guard ring is to reduce the leakage current. As 
shown in Fig. 11, most of the leakage current outside active region are collected by the 
guard ring. The measured results are shown in Fig. 13.  The curves in the legend box 
from top to bottom are: the leakage current with biased guard ring, the leakage current 
without guard ring, the leakage current when the guard ring is floating, the leakage 
current collected by the guard ring. It can be seen that when the guard ring is properly 
biased, the leakage current can be reduced to one order lower. When the guard ring is 
floating, the improvement on the leakage current is much smaller. It indicates that the 
improvement of leakage current is caused mainly by the guard ring’s absorption of the 
leakage current out of the active region when it is properly biased.  

Another important function of the guard ring is to improve the channel isolation and 
reduce crosstalk between nearby channels.  

Fig. 13.  Measured results of leakage current. Photodiode shown in Fig. 12 is used to measure 
the leakage current under different guard ring connections. ID refers to the leakage current in 
different guard ring biasing conditions, and IG refers to the leakage current in the guard ring. 
 
 
 

2.5 High temperature processing to improve Si/SiO2 interface 
 
 

2.5.1 Si/SiO2 interface 
 
Generally speaking, the Si/SiO2 interface refers to the transition layer between the silicon 
bulk and the oxide. Its thickness is several atom layers. In this region, the lattice structure 
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of silicon crystal is broken by the oxygen atoms, and finally it will transfer to SiO2 
structure. Because of the flexibility of the chemical bond Si-O-Si, most of the bonds at 
the transition region can keep saturated. However, the unsaturated chemical bonds and 
the impurity atoms will introduce charges to the interface area. These charges include 
interface-trapped charge Qit, fixed-oxide charge Qf, oxide-trapped charge Qot and mobile 
ionic charge Qm [Sze 1985].  

The mobile ionic charges Qm such as sodium or other alkali ions are mobile within the 
oxide under high-temperature and high-voltage operations. Trace contamination by alkali 
metal ions may cause reliability problems in semiconductor devices operated under high 
bias-temperature conditions. Under high bias-temperature conditions mobile ionic 
charges move back and forth through the oxide layer, depending on biasing conditions, 
and thus give rise to shifts of the CV curve along the voltage axis. Special attention must 
therefore be paid to the elimination of mobile ions in photodiode fabrication.  

The fixed-oxide charges Qf are located within approximately 30 Å of the Si-SiO2 
interface. This charge is fixed and cannot be charged or discharged over a wide range of 
surface potential. Generally, Qf is positive and depends on oxidation and annealing 
conditions and on silicon orientation. It has been suggested that when the oxidation is 
stopped, some ionic silicon is left near the interface. These ions, along with uncompleted 
silicon bonds (e.g., Si-Si or Si-O bonds) at the surface, may result in the positive fixed-
oxide charge Qf. Qf can be regarded as a charge sheet located at the Si-SiO2 interface. 
Fixed oxide charge is tightly related to the processing. Normally dry oxidation generates 
less Qf than wet one. 

Interface-trapped charges Qit are due to Si-SiO2 interface properties and dependent on 
the chemical composition of this interface. The traps are located at the Si-SiO2 interface 
with energy states in the silicon forbidden bandgap. The interface trap density (i.e., 
number of interface traps per unit area) is orientation dependent. In <100> orientation, 
the interface trap density is about an order of magnitude smaller than that in <111>. The 
value of Qit for <100> oriented silicon can be as low as 1010 cm-2, which amounts to 
about one interface-trapped charge per 105 surface atoms. For <111> oriented silicon, Qit 
is about 1011 cm-2. Hydrogen is usually used to reduce Qit. Hydrogen atom can complete 
the broken bonds in the interface. Oxidation in vapor or annealing in N2-H2 atmosphere 
can effectively reduce Qit. 

The oxide-trapped charges Qot are associated with defects in silicon dioxide. These 
charges can be created, for example, by X-ray radiation or high-energy electron 
bombardment. The traps are distributed inside the oxide layer. Most of the process-
related Qot can be removed by low-temperature annealing. 

In this section, high temperature processing technology and its effect on the interface 
charges and interface states are studied. Effective oxide charge density Neff is used to 
replace fixed-oxide density. Neff is based on the assumption that all of the charges in 
oxide can be regarded as fixed-oxide charge, and they are distributed at the interface of 
Si-SiO2. In fact, Neff also include Qm and Qit. The reasons that Neff can be used as all the 
equivalent charges are: 1) Qit is small and usually can be ignored. 2) Simple CV 
measurement can only get the total charge volume of oxide. If Qm needs to be separated, 
then temperature-biased CV has to be adopted. The measured results indicate that the 
density of Qm is much lower than that of Qf, and can be ignored. 3) When analyzing the 
leakage current properties, the assumption that all of the charges are located at the 
interface doesn’t bring negative influence to the research. 
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2.5.2 Fundamental oxidation technology 
 
The Si-SiO2 interface property is mainly determined by high temperature processing. 
Current knowledge is limited for accurate modeling of wafer heating dynamics, so 
empirical methods of measurement and processing optimization must be adopted to get 
better performance of the devices [Chang & Sze 1996]. Monitoring wafers are used to 
analyze the interface property during the high temperature processing. 
 

Table 1. Fundamental high temperature processing technology. 

Processing steps Processing steps 
Field oxidation 

(FOXIDE) 
Dry oxidation, then annealing in N2 atmosphere  

Implantation oxidation 
(SOXIDE) 

Wet oxidation, then annealing in N2 atmosphere 

Drive-in Dry oxidation, then annealing under the same temperature in N2  
Window oxidation 

(TOXIDE) 
Dry oxidation and then annealing N2 atmosphere 

Annealing 1 Annealing in N2 atmosphere, low temperature 
Annealing 2 Annealing in N2 atmosphere, high temperature 
 

The monitoring wafers are processed as shown in Fig. 14. The first monitoring wafer 
is processed in step1, and then taken away, while all the other wafers continue to be 
processed. In each step one wafer is taken away, the rest wafers continue to be processed 
until the last step. After that, alloying (metallization) is made to all of the wafers so that 
Neff and interface state density Dit can be measured. This is a good way to trace the 
changes in all the processing steps. The measurement methodology for Neff and Dit is 
discussed in Appendix 1.4. 

The changes in Neff are shown in Fig. 15. The four columns in each process refer to 
four different processing runs. It is common to make more than one processing runs to 
evaluate a novel processing improvement so that reliability and repeatability can be 
guaranteed. 

It can be seen that after drive-in process, Neff drops to a lower level, however, they 
increase back in the following processing steps. The drops in drive-in process can be 
explained by the Deal triangle [Nicollian, 1982]. The increase of Neff after window 
oxidation and annealing might be caused by the long time low temperature oxidation. 
The density of Neff doesn’t affect the leakage current too much. A proper amount of 
positive Neff can limit the extension of depletion region, so that it can even reduce 
leakage current. However, when Neff is too high, it will affect the breakdown voltage. 
According to the measured result shown in Fig. 15, the Neff is still in the reasonable range. 

The changes in interface density Dit are shown in Fig. 16. It can be seen that Dit 
almost keeps a constant value during the processing. We conclude this is caused by the 
alloying process. All of the wafers are alloyed before the measurement. Alloying can 
greatly drop the interface state density so that all the wafers processed by different 
technologies will finally reach the same level. The function of alloying process will be 
discussed in section 2.5.4.  



                                               32 

  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Monitor wafers for high temperature processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Neff’s changes in different processing steps. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 16. Interface density Dit’s changes in different processing steps. 
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2.5.3 Drive-in and annealing 

 
In the previous section it can be seen that the drive-in and annealing process can reduce 
Neff to about half of the Neff level after field oxidation. It is important to know the 
influence of drive-in and annealing process to the Si-SiO2 interface. It has been reported 
[Zhuang T 1987, Sze S 1985, Chang C et al. 1996] that during the drive-in and annealing, 
part of the silicon, oxygen atoms, and the possible F, Cl, H, Na ions are restructured, 
leading to the changes of interface charge condition. The key issue is to choose optimized 
processing parameters to improve the interface states. 

During ion implantation, when energetic ions enter a semiconductor substrate, they 
lose their energy in a series of nuclear and electronic collisions and finally come to rest. 
The energy loss can be accounted for in terms of electronic excitations to higher energy 
levels or in the generation of electron-hole pairs. These collisions can transfer energy to 
the lattice so that host atoms are displaced resulting in lattice disorder, or, damage. 
Because of the damaged region and the disorder cluster that result from ion implantation, 
semiconductor parameters such as mobility and life time are severely degraded. In 
addition, most of the ions as implanted are not located in substitutional sites. To activate 
the implanted ions and to restore mobility and other material parameters, we must anneal 
the semiconductor at an appropriate combination of time and temperature. The annealing 
technology that was used before already achieves the above purposes. The minority 
carriers’ life is already better than the original wafer before ion implantation. In this 
section the influence of annealing to interface states is studied.  

Three different annealing conditions are used in this thesis, as listed in Table 2. In 
order to make high performance photodiodes, multiple steps of annealing are used. High 
temperature annealing is used after the p+ implantation to form the deep p-n junction as 
ohmic contact. Middle temperature is used to form high quality shallow junction as active 
region. Low temperature annealing is used after n+ implantation to the bottom of the 
wafer. Because the annealing temperature is low, a large amount of phosphorus and 
implantation defects are formed in the n+ layer. The implanted impurities and defects 
generate large stress in the n+ layer, which tend to trap the impurities from the silicon 
bulk, especially heavy metal ions. This is the general mechanism of gettering technique. 
The purpose of slow cooling-down annealing is to avoid the influence of annealing to the 
Si-SiO2 interface. 

 
Table 2. Annealing conditions. 
Batches The first time annealing The second time annealing 
T0 Middle temperature annealing Low temperature annealing 
T1 High temperature annealing Low temperature annealing 
T2 Middle temperature annealing Slow cooling-down annealing 
 

The experiment results are shown in Fig. 17. All the three batches have the same body 
leakage current level (not shown in the figure) and effective oxide charge density, but the 
interface states density is different. The experiment results show that the second 
annealing condition has the best effect to the interface states. So the conditions in the 
second batch are finally used in the fabrication of photodetector. 
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Fig. 17. The influence of annealing on Neff and Dit (T0, T1 and T2 are batch numbers, whose 
conditions are listed in table 2. In every batches there are 4 experimental wafers). 
 
 
 

2.5.4 Alloying 
 
The purpose of alloying is to make the ohmic contact between aluminum and silicon 
through the contact holes. Normally the alloying temperature is about 350~500°C. 
Hydrogen or other non-oxygen atmosphere can greatly improve the Si-SiO2 interface. 
The photodiode interface property and leakage current changes are shown in Fig. 18 and 
Fig. 19.  It can be seen that Neff drops to 40% ~ 80% of the value before alloying, while 
Dit drops to 20% ~ 35%. The improvement to Si-SiO2 interface due to alloying is evident. 

Fig. 18. Neff changes before and after alloy. Ti refers to the number of wafers. 
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Fig. 19. Dit changes before and after alloying. Ti refers to the number of wafers. 
 

The interface state density is measured with MOS CV measurements. The 
measurement methodology is discussed in Appendix 1.4. The CV characteristics of MOS 
capacitor before and after alloying are shown in Fig. 20. It can be seen that the CV 
characteristics before alloying is rising very slowly, which indicates the existence of large 
amount of interface states exist. After the alloying, the CV curve becomes much steeper, 
which indicates the interface states are much less than before. 

 
Fig. 20. CV characteristics of MOS capacitor before and after alloying. 
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The measured results for leakage current are shown in Fig. 21 and Fig. 22. Different 
processing atmospheres are used for comparison, including N2-H2 mixed atmosphere, N2 
atmosphere, and slow cooling down annealing. However, the results indicate that changes 
on alloying condition do not make any further improvement. Deal et al. have provided a 
model for the alloying of MOS structures: Before the alloying process, there must be 
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some H2O trace adhered on top of the wafer. The water reacts with aluminum in high 
temperature, results in Al2O3 and hydrogen atoms 

 
H2O + Al               Al2O3 + 2H              (2.16) 

Part of the hydrogen atoms diffuse to the Si-SiO2 interface and react with the interface 
traps, reducing the interface states. The contributing factor is hydrogen atom, instead of 
H2 molecule. So the alloying atmosphere doesn’t affect the result. The experiments in this 
study prove this principle also applies in the silicon detector fabrication. The alloying 
process can reduce the interface states greatly therefore it reduces the leakage current.  

(a) 

(b) 

Fig. 21. Photodiodes before and after alloying (a) with guard ring, (b) without guard ring. 
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Fig. 22. Drops of the leakage current after alloying in percentage. Ti refers to the number of 
the wafers, ID refers to the leakage current of the photodiode without guard rings, IDG refers 
to the leakage current of the photodiodes with guard ring. 
 
 
 

2.6 Design and fabrication of photodiode array 
 
 

2.6.1 Layout design for silicon photodiode array 
 

In the previous sections, the processing technology of photodiode detectors is discussed 
based on the study of PCM monitoring photodiodes. However, in order to design an X-
ray line-scan camera, photodetector array must be fabricated. In order to get high 
resolution, the pixel size of the photodiode must be small. That means the surface and 
interface leakage will be more important than the body leakage. This is one of the main 
differences for the photodiode array from the physics point of view. The other issue is the 
isolation between channels. Nearby channels should not interfere with each other. A 
photodiode array is designed to achieve these goals as shown in Fig. 23. 
 The processing technology introduced in above sections is used to fabricate the high 
performance photodiode array. Guard rings are used to remove crosstalk and reduce 
leakage. Active region is the shallow junction which has high sensitivity for the 
wavelength from 270 nm to 1100 nm. The outputs of the photodiodes are grouped 
together to be bonded to a readout integrated circuit (see chapter 4) in the smart sensor 
micromodule.  
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(a) 
 
 
 
 
 

 
 
 
 

(b) 
 
Fig. 23. (a) 64-channel photodiode array with 0.8 mm × 0.8 mm pixel size and (b) zoomed 
view. 
 
 
 

2.6.2 Measured results 
 
The leakage current is measured and a typical measured result is shown in Fig.24. The 
leakage current under zero bias is in the level of 0.5 pA. It is equivalent to lower than 80 
pA/cm2 leakage current density, which outperforms the best photodiodes reported so far. 
This leakage current is so small that it doesn’t affect the noise performance of the smart 
sensor micromodule. (See chapter 3 and 4.)  
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Fig. 24. Leakage current of a typical 64-channel photodiode array with 0.8 mm × 0.8 mm 
pixel size. 
 

Measured results for the photodiode array are shown in Table 3. Production of the 
photodiode array studied in this thesis already starts.  
 
Table 3. Specifications for the photodiode array studied in this thesis. 

Specifications Conditions Unit Value 
Number of elements  in array - 64 
Pixel pitch  mm 0.8 
Active area   dimensions mm 0.8 × 0.6 
Active area size mm2 0.48 
Spectral response range nm 270 - 1100 
 peak sensitivity wavelength nm 960 
Responsivity minimum at 550nm A/W 0.25 
Shunt resistance typical, VG = -10mV MΩ 100 
 minimum, VG = -10mV MΩ 40 
Shunt capacitance typical, VG = -10mV pF 8 
 maximum, edge channel, VG = -10mV pF 12 
Crosstalk maximum % <1 
Reverse voltage maximum V >30 
 



 
 
 
 
 
 
 
 
 
 
 
 

3 Active pixel sensor circuit design 
 
 

3.1 CMOS active pixel sensors 
 
Traditional imagers can be separated into three categories: the photodiode, the photogate 
or charge-injection device (CID), and the charge-coupled device (CCD). All three types 
were in production by the early 1970s using proprietary metal oxide semiconductor 
(MOS) processes to optimize the wafer yield and electro-optical characteristics. All three 
pixel types are considered passive in that the pixel does not have the signal buffered at 
the pixel site. CCDs don’t suffer from the common noise problems as photogates or 
photodiodes because the signal collected at the pixel site is shifted to the amplifier 
located at the periphery. The CCD signal remains intact until it is shifted to the amplifier, 
with little or no degradation. CCDs, having the lowest noise floor, have dominated the 
market. However, they suffer from high power consumption, fixed reading format, and 
exact timing requirements to operate properly. Ideally, a sensor would have the flexibility 
of a photodiode or photogate and provide the high-quality video of a CCD. To that end, a 
small buffer added to a photogate or photodiode would isolate the pixel signal from the 
rest of the array. As CMOS processes became the standard and digital designs with a 
million transistors became commonplace, it became possible to design high performance 
front-end IC to do the buffering as well as signal processing and enhancement, to 
package them into one substrate, such as LTCC (low temperature co-fired ceramic) or 
HTBE (high temperature black epoxy), and to make them into a powerful micromodule. 
Therefore a well-designed CMOS image sensor can be viewed as an integrated sensor 
system (smart sensor). It can have the combined advantages of flexibility and high 
performance. 

The photocurrent from the silicon X-ray sensor is already an electrical signal (instead 
of a physical signal such as X-ray) that is loaded with the information of the scanned 
objects. The geometric shapes, thickness, inside structures and non-uniformities of the 
objects are detected by the photodiodes. The photocurrent itself cannot be recognized by 
the computer so it has to be sent to a front-end CMOS integrated circuit to be sampled 
and processed. 

Although active-pixel sensors may have high signal-to-noise ratios, they suffer from 
gain variations that create non-uniform video. Active pixels that use processing circuitry 
per channel suffer from a relatively high level of fixed pattern noise (FPN) that is 
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objectionable to the average viewer, if not corrected in either hardware or software. The 
high level of FPN associated with active-pixel sensors is an offset from the video average, 
which makes the computer monitor look like a dirty window screen has been 
superimposed on it.  

The main reason for FPN comes from the wafer process variations for both silicon 
sensors and the CMOS processing circuits. The sensitivity of different channels in the 
sensor is different, and the variation can be so high up to 20% or more. The gain of each 
channel in the processing circuit is determined by the feedback capacitance of the 
switched integrator. Due to the fabrication variance, capacitance in different channels can 
have small difference. When the micromodules are cascaded, integrated circuits from 
different wafers, even different processing runs can be assembled in the same line-scan 
camera, so it can cause non-uniformities too. Another reason is the non-ideality of the 
amplifiers. The finite gain of the amplifier, the offset of the amplifiers, and many other 
non-idealities of the circuit cause errors and non-uniformities. All these factors contribute 
to the fix patterned noise. 

However, the FPN problems in the active CMOS imaging sensors can be removed by 
a variety of methods. The offset of the amplifiers that cause offsets in the video 
background can be almost completely eliminated with a CDS (correlated double 
sampling) circuit. CDS circuits eliminate the pixel offsets by subtracting the background 
reference bias from the actual background reference of a particular pixel. In this chapter, 
the correlated double sampling technique will be discussed. The gain variation per pixel, 
however, cannot be easily eliminated. To properly correct the gain variations, each pixel 
gain would have to be stored in memory and all pixels corrected to the same gain. 
Another less-intensive method would be to filter the video to minimize objectionable 
pixels from the viewer. In Chapter 5, the digital signal processing to eliminate gain and 
offset variations will be discussed in detail. In Chapter 6, the measured results show that 
a properly designed active pixel CMOS image sensor can be built into high-quality and 
fast X-ray line-scan camera. 
 
 
 
3.2 An integrated solution for CMOS imagers – switched integrators 

 
 

3.2.1 Photodiode preamplifiers 
 
Photodiodes generate low level currents that are proportional to the level of illumination. 
The equivalent circuit model for the photodiode is shown in Fig. 25 [Baker B 1994]. The 
value of the junction capacitor, C1, can have a wide range of values dependent of the 
diode junction area and bias voltage. A value of 10 to 50 pF at zero bias is typical for 
small area diodes. The value of the shunt resistor, R1, is usually in the order of 108 Ω at 
room temperature and decreases by a factor of two every 10°C rise in temperature. The 
range of the shunt resistor, R1, can be as high as 100 GΩ and low as 10k Ω at room 
temperature. There is no direct correlation between the values of C1 and R1. The input 
capacitance of the photodiode array studied in this thesis is in 5 - 20 pF level. The value 
of R1 has effect on noise in both the traditional transimpedance amplifier and the 
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switched integrator at lower frequencies. However, it is much smaller compared with 
other sources, therefore, knowing the exact value of R1 is not critical. 
 
 
 
 
 
 
 
 

 
 
 

 
Fig. 25. Photodiode equivalent circuit model. 
 

Low-input current FET amplifiers are usually used to monitor photodiode currents. 
There are a variety of amplifier configurations to select from and the choice is based on 
noise, bandwidth, offset, and linearity. The most popular design approach is shown in 
Fig. 26. This topology has dominated applications such as CT scanners, industrial quality 
inspection instruments, electron microscopes, etc., where a light-to-voltage conversion is 
required. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 26. Transimpedance amplifier for photodiode current. 
 

Until now, the most popular solution to the high precision, current-to-voltage design 
applications has been an op amp network with a resistor in the feedback loop. Variations 
such as using resistor T-networks or an instrumentation amplifier as shown in Fig. 27, 
still use the fundamental concept of a resistive feedback loop to perform the I/V 
conversion function. In these circuits, the fundamental transfer function is: 
 

VOUT = REQ IIN                   (3.1) 
 
where VOUT = output voltage; REQ = equivalent resistive feedback element; IIN = current 
generated by the photodetector. 
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(a) (b) 

 
Fig. 27. (a) Using a T-network to design the feedback resistor for a transimpedance circuit; 
(b) An instrumentation amplifier topology can be used to convert low-level photodiode 
currents to a voltage output. 
 

An alternative design method, a switched integrator, is shown in Fig. 28. With this 
topology, the capacitor in the feedback loop of the amplifier dominates the transfer 
function. The switches perform the functions of removing the excitation signal from the 
input of the amplifier (S1) and resetting the output of the amplifier to ground (S2). The 
fundamental transfer function of this circuit is 
 

VOUT = - ∫
t
0 IN dtI

C
1

                      (3.2) 

 
where VOUT = output voltage, C = capacitive feedback element, IIN = current generated by 
the photodetector.  
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 28. Switched integrator. 
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The discrete design of the switched integrator is impractical for low noise, precision 

applications because of the switching noise of S1 and S2. The switching noise is caused 
by the injection of charges across the parasitic gate-to-source, gate-to-drain, and source-
to-drain capacitances of the FET switches. The charge injection, also commonly called 
clock feedthrough, is one of the major limitations on the noise performance of the 
switched integrator circuit. This error is due to unwanted charges being injected into the 
circuit when the transistors turn off [Johns 1996]. In MOS circuitry, the switches are 
normally realized by either n-channel transistors alone or CMOS transmission gates. 
(Which consists of n-channel transistors in parallel with p-channel transistors.) When 
MOS switches are on, they operate in the triode region and have nearly zero volts 
between their drain and their source. When MOS switches turn off, charge errors occur 
by two mechanisms. The first is due to the channel charge, which must flow out from the 
channel region of the transistor to the drain and the source junctions. The channel charge 
of a NMOS transistor that has zero VDS is given by 
 

QCH= WLCOXVeff = WLCOX (VGS – Vtn)             (3.3) 
 
where QCH is the channel charge; W is the channel width of the MOS transistor; L is the 
channel length of the MOS transistor; COX is unit area oxide capacitance; Veff is the 
effective gate voltage; VGS is the gate voltage; Vtn is the NMOS transistor threshold 
voltage. These are the dominating injected charges.  

The second reason for charge injection is due to the overlap capacitance between the 
gate and the junctions. It is usually less significant, unless Veff is very small. 

The charge injection affects seriously on the high impedance nodes of the circuit. Fig. 
29 shows part of a CMOS circuit [Johns 1996]. When Q1 turns off, the channel charges 
due to Q1 will flow equally out through both junctions [Shieh 1987]. The QCH/2 charges 
that go to the output node of the op-amp will have very little effect other than causing a 
temporary glitch. However, the QCH/2 charges that go to the inverting-input node of the 
op-amp (high impedance node) will cause the voltage across C to charge, which 
introduces an error. Since this charge is negative, for an n-channel transistor, the node 
voltage V’’ will become negative. The voltage change due to the channel charge is given 
by  
 

∆V’’ = (QCH/2)/C = -VeffCOXW1L1/2C = (VDD - Vtn)COXW1L1/2C      (3.4) 
 
 
 
 
 
 
 
 

 

Fig. 29. MOS transistor charge injection analysis. 
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This phenomenon is very common in CMOS switched capacitor circuit. Minimizing 
the effect of charge injection is very important to the performance of the sensor’s 
preamplifier. In this study, switched capacitor integrator with correlated double sampling 
technique [Johns 1996] is used to eliminate the charge injection noise. 
 
 

3.2.2 Analysis on the transimpedance amplifier 
 
The noise model of traditional transimpedance amplifier is shown in Fig. 30. C1 is the 
input capacitance of the photodiode, C1 ≈ 5 - 50 pF. eni is the equivalent input noise of the 
amplifier. R2 is the feedback resistor, which provides the I-V gain. By knowing the 
maximum expected IIN, and the maximum output voltage of the op amp VOUT(max), R2 is 
selected to optimize the signal-to-noise ratio with the formula 
 

R2 = 
(max)IN

(max)OUT

I
V

                        (3.5) 

                      
where C2 is the feedback capacitor to limit the noise bandwidth and IIN is the photodiode 
current. 
 

 
 

 
 

  
 

   
 
 
 
 
 
 
 
 

 
Fig. 30. Noise model of transimpedance amplifier. 
 

The model in Fig. 30 shows the overall noise gain response of the transimpedance 
circuit. The signal bandwidth is determined by a pole generated by R2 and C2. The noise 
bandwidth is determined by the open loop gain roll off of the op amp. To maximize the 
signal bandwidth and ensure an approximate 45° phase margin with a 25% step function 
overshoot, C2 is selected using the formula below [Baker 1994] 
 

C2 = 
u2

1

fR2
C

π
                       (3.6) 

where fu = op amp unity gain bandwidth. Here the signal bandwidth and noise bandwidth 
are identical and equal to 
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BW = 1/2πR2C2                       (3.7) 

 
In some applications, an overshoot of 25% may be too much. A more conservative 5% 
overshoot can be designed with a phase margin of 65° by using the formula below to 
select C2 
 

C2 = 2
u2

1

fR2
C

π
                       (3.8) 

 
Typical calculated values for C2 would be from sub-pico farads to around 20 pF. Actual 
minimum circuit values for C2 are dependent on the stray capacitance of R2 and PC board 
layout. Typically, a resistor has 0.5 pF of stray capacitance. Using the C2 value calculated 
above (for a 65° phase margin), the effective noise bandwidth is equivalent to the noise 
gain 3 dB bandwidth times π/2 or 
 

BWeffective noise = 1/2R2C2                     (3.9) 
 
The principle to reduce noise is shown in Fig. 31. AOL is the open loop gain of the 
amplifier. It will limit both signal and noise gain bandwidth. There are two ways to 
reduce noise: to reduce the bandwidth and to speed up the rolling off of AOL after signal 
bandwidth. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 31. Noise analysis of the transimpedance amplifier. 
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The peak value of the noise gain is shown in Fig. 31 as Ane. From Fig. 31 it can be 
known that when C2 is increased to C2’, the noise gain will be reduced from Ane to Ane’. 
The dotted shading area is the noise gain reduced by C2. But C2 will also limit the signal 
bandwidth. From Fig.31 it can be seen that fp is reduced to fp’ by C2’. So C2 must be 
chosen to a value that doesn’t degrade the signal bandwidth. 

Once C2 is decided, we can find that the noise bandwidth is much wider than the 
signal bandwidth. So another pole can be added to speed up the rolling off of AOL after 
the signal bandwidth. It will cut off the noise in the lined shading area in Fig. 31, while 
not affecting the signal bandwidth. 

The transimpedance amplifier is a good choice for discrete photodiode amplifier 
design. The author has used this design idea to build a container scanner detector module 
with discrete amplifiers and components. The measured results show that the detector 
module can achieve more than 15 bits dynamic range. However, it also has problems. 
The goal of this thesis is to design a high-resolution line-scan camera that can achieve 
400 µm spatial resolution. Transimpedance circuit needs large value resistors that are 
impractical for IC design, so switched integrator becomes a better circuit topology for the 
X-ray line-scan camera application. 
 
 

3.2.3 Noise analysis of switched integrator amplifier 
 
One fundamental performance difference between the traditional transimpedance 
amplifier and the switched integrator is that the amplifier gives a real time representation 
of the light excitation at the output of the amplifier, which is optimal for low and medium 
bandwidth applications where information about the amplitude and shape of the input 
signal is critical, while the switched integrator gives a time-averaged representation of the 
input information from the photodetector. 

The total noise contribution of the op amp and the feedback network of the switched 
integrator is equivalent to the square root of the sum of the squares of three regions as 
shown in Fig. 32. The noise in the first region is equal to the average op amp noise over 
that region times the square root of the region bandwidth. The pole in the noise gain of 
the switched integrator circuit generated by R2 and C2 is in several Hertz to tens of Hertz 
level. In this study, the typical input parasite value of photodiode array is: C2 = 10 pF and 
R2 =1000 MΩ, so the pole generated by the RC pair is equal to 16 Hz. Calculations show 
that any noise gained by the DC gain (1+R2/R1) of the switched integrator is negligible 
[Baker 1994]. In addition, the zero generated by the (R1||R2)(C1+C2) combination is also 
in the low frequency range. For typical device, this value is in 10~100 Hz level. Again, 
the noise contribution from this region is negligible. Consequently, the noise contribution 
from the op amp and its feedback network in conjunction with the photodiode is 
dominated by the op amp noise times (1 + C1/C2). In addition to the gained op amp noise 
mentioned above, charge injection and kT/C (capacitor noise) also contribute to the total 
noise figure of the switched integrator.  
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Fig. 32. Noise analysis on the switched integrator. 
 
 

Compared with the transimpedance amplifier, the switched integrator can use 
appropriate capacitor value (in pico farad range) to achieve the right gain. According to 
equation (3-2), the I-V conversion gain can be easily adjusted by changing the integration 
time. So, if the switching noise and charge injection can be reduced to an acceptable level, 
and the offset of the amplifier can be eliminated, then the switched integrator can be a 
promising preamplifier for the X-ray image sensor. Based on the switched integrator and 
correlated double sampling technique, the author designed the integrated circuit for the 
optical signal processing, as introduced in the following sections. 
 
 
 

3.3 Correlated double sampling technique 
 
 

3.3.1 Basic principle of autozeroing and correlated double sampling 
 
Using op-amps with MOS input transistors, the op-amp input current at low frequencies 
can indeed be made extremely small. So it is very suitable for the low-level photocurrent 
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amplification. However, the input voltage of a practical amplifier is quite large, usually in 
the order of 1 mV to 10 mV. It includes noise (most importantly, 1/f and the thermal 
noise), the input-referred dc offset voltage, as well as the signal voltage of interest. 
Normally, the thermal noise occupies a wide frequency band and can not be eliminated 
by CDS technique, while the 1/f noise, offset and input signal are narrowband low-
frequency signals and suitable for correlated double sampling. It reduces the effects of 
the narrowband noise source at the virtual ground of an op-amp stage. By reducing the 
low frequency noise and offset at the op-amp input, the dynamic range of the circuit is 
improved; by reducing the signal voltage at the virtual ground terminal, the effect of the 
finite low-frequency gain of the op-amp is decreased.  

Correlated double sampling is a special case of autozeroing (AZ) technique. As 
summarized by Enz et al. [1996], the basic idea of AZ is to sample the unwanted quantity 
(noise and offset) and then subtract it from the contaminated signal. If the noise is 
constant such as a dc offset, it will be totally cancelled out. If the noise is low frequency 
random noise (for example, 1/f noise), it will be high-pass filtered and thus strongly 
reduced at low frequencies, at the cost of an increased noise floor due to aliasing of the 
wideband noise inherent to the sampling process. First only the input inferred dc offset 
voltage VOS will be considered and then be extended to the input referred random noise 
voltage VN. 

The AZ processing requires at least two phases. A sampling phase (φ1) during which 
the offset voltage Vos and the noise voltage VN are sampled and stored, and a signal-
processing phase (φ2) during which the offset-free state is available for operation. Fig. 33 
is a simple CDS integrator. During φ1 phase, the integrator is reset, and the offset is 
sampled on capacitor C1 as V1. During φ2 phase, the integrator starts to operate, and the 
signal plus offset V2 are sampled on capacitor C2. In the output C1 is subtracted from C2. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
Fig. 33. A simple CDS switched integrator. 

 
 

3.3.2 Noise analysis of autozeroing and correlated double sampling 
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effect of AZ is to note that it is equivalent to subtracting from the time-varying noise a 
recent sample of the same noise. For dc or very low-frequency noise this results in a 
cancellation. This indicates that AZ effectively high-pass filters the noise. Unlike the 
offset voltage, which can be considered constant, the amplifier’s noise and particularly its 
wideband thermal noise component is time-varying and random. The efficiency of the 
AZ process for the low-frequency noise reduction will thus strongly depend on the 
correlation between the noise sample and the instantaneous noise value from which this 
sample is subtracted. The autocorrelation between two samples of 1/f noise separated by 
a time interval t  decreases much slower with increasing t  than it does for white noise, 
assuming they have the same bandwidth. The AZ process is thus efficient for reducing 
the 1/f noise but not the broadband white noise. In addition to this basic high-pass 
filtering process, since AZ is a sampling technique, the wideband noise is aliased down to 
the baseband, increasing the resulting in-band power spectral density (PSD). 

The effects of AZ on the amplifier’s noise can be better understood by analyzing the 
generalized AZ circuit model shown in Fig. 34, where source VN may represent the noise 
at the output of the amplifier in the autozero phase. Each time switch S is closed, the 
output voltage VAZ is reset zero and the noise source voltage VN appears across resistor R 
and capacitor C. Assuming RC << TAZ, at the end of the sampling phase (when switch S 
opens) the noise voltage VN is sampled onto capacitor C. The output voltage becomes 
equal to the difference between the instantaneous voltage VN and the voltage VC stored 
on capacitor C. This eliminates the dc component of VN, but not its time-varying part. It 
is demonstrated by Enz K & Temes G [1996] that if source voltage V(t) corresponds to a 
stationary random noise with a PSD S(f), the PSD of the autozero voltage across the 
switch can be decomposed into two components: one caused by the baseband noise 
(which is reduced by the AZ process) and the other by the foldover components 
introduced by aliasing, that is 
 

SAZ(f) = |H0(f)|
2SN(f) + Sfold(f)                 (3.10) 

 
where 

Sfold(f) = ∑
+∞

≠
−∞=
0n

n
|Hn(f)|

2SN(f – n/Ts)                (3.11) 

 
The foldover component results from the replicas of the original spectrum shifted by 

the integer multiples of the sampling frequency. The baseband transfer function is given 
by [Enz. et al., 1996] 
 

|H0(f)|
2 = d2{[1-sin(2pfTh)/2pfTh]

2+[(1- cos(2pfTh))/2pfTh]
2}        (3.12) 

 
where d = Th/TS is the duty cycle of the clock signal. 
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        (b)            (c) 
 
Fig. 34. Noise analysis of autozeroing technique: (a) A general offset control stage, (b) RC 
equivalent circuit and (c) voltage waveforms of the signals in (a). 
 
 

 
Fig. 35. Autozeroing baseband and foldover bands transfer functions. 
 

The magnitude of H(f) normalized to the duty cycle d is plotted as a function of fTh in 
Fig. 35. The other shape of transfer functions H(f) depends on the duty cycle d, but they 
all merge to a common function in the case the AZ time TAZ can be considered much 
smaller than the hold time (TAZ << Th ). (Evidently, this requirement is met in our 
application) 
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|Hn(f)|
2 ≅ [d*sinc(pfTh)]

2,    for n ≠ 0 and TAZ << Th          (3.13) 
 

Referring to Fig. 35, the noise property in the baseband can be analyzed. First, the d- 
normalized |H0(f)| has an zero at f = 0Hz. So its high pass property is very clear. A large 
part of the low frequency noise is filtered out. The input 1/f noise is zeroed, removing the 
original divergence of the 1/f noise occurring at the origin of frequency. Although 1/f 
noise has a narrow bandwidth, it still has a foldover component due to the aliasing of all 
the tails of the 1/f noise. The foldover component for the 1/f noise can be approximated in 
the Nyquist range by 
 

Sfold-1/f ≅ 2S0fkTs[1 + ln(2/3fcTs)]sinc2(pfTs)             (3.14) 
 

From (3-14) it can be seen that the aliasing of the 1/f noise only increase 
logarithmically with f above Nyquist frequency. So the effect of aliasing on the 1/f noise 
is thus not as dramatic as on the broadband white noise. 

In electronic devices, 1/f noise arises from a number of different mechanisms, and is 
most prominent in devices that are sensitive to surface phenomena. Hence MOSFET 
exhibit significantly more 1/f noise than most of other semiconductor devices. One means 
of comparison is to specify a “corner frequency”, where the 1/f noise and thermal noise 
components are equal. All the other things held equal, a lower 1/f corners implies less 
total noise. In the design of this circuit, large area PMOS transistors are used as the input 
differential pair of the amplifier, so the 1/f corner can be expected to be low. When the 
correlated double sampling is implemented, the 1/f noise will be further reduced to a 
much lower level. 

The white noise and its aliasings, however, still exist. So effort must be made to 
reduce the white noise to a lower level. In Chapter 5, a digital moving average FIR type 
filter is implemented with large-scale field programmable logic devices to reduce the 
white noise, and satisfactory result has been got. 
 
 
 

3.4 Circuit implementations 
 
The CDS technique, which has originally been introduced to reduce the noise produced 
in charged-coupled devices (CCD’s), can be described as an AZ operation followed by a 
S/H. It is widely used in sampled-data systems and particularly in switched capacitor 
circuits. Although the signal at the output of a circuit using CDS is now S/H, the effect of 
CDS on the amplifier offset and noise is very similar to that of the AZ process. The 
baseband transfer function H0(fTs) still imposes a zero at the origin of frequency that 
cancels any offset and strongly reduces the 1/f noise in the same way as the AZ technique 
does. 

The author has designed a CMOS circuit that uses the principle illustrated in Fig. 33 
[Wang H & Wang Y 1999]. This circuit is processed in the 2 µm mixed signal processing 
line in Tsinghua University, China. This circuit is also a monolithic CMOS active pixel 
image sensor, that is, the photodiode array (sensors) and the circuit are made in the same 
piece of silicon. So it is a fully integrated silicon sensor. Measured results show that the 
silicon sensor system has good response to the light. 
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Fig. 36. IC layout of a monolithic CMOS active pixel sensor [Wang H & Wang Y, 1999]. 
 
 

However, this circuit also has some problems to be improved. First is the switching 
noise of the transmission gate. As introduced in section 3.2, the CMOS switches will 
cause charge injections. Though dummy transistors are used to compensate the charge 
injection, it still has significant level of noise. The CDS will cancel out part of the charge 
injection noise when they subtract at the video line. However, according to equation (3.3), 
the charge injection of MOS switches depends on the effective gate voltage Veff. 
Evidently, the Veff of the signal will generate a signal-dependent charge injection while 
the Veff of the offset will generate an almost constant level charge injection. So this 
problem will cause noise and non-linearity. Another problem is the simple output source 
follower. It will cause loss of signal output swing range, and also non-linearity. 

A better-structured CDS switched integrator is designed to avoid the charge injection 
problems of the switches, while providing a better output driver for the circuit. The 
equivalent circuits for the correlated double sampling are shown in Fig. 37. In the 
autozeroing period, the offset and low frequency noise is stored on capacitor COS, and the 
feedback capacitor is reset. In the integration period, the signal in COS is inverted and 
placed in series with the amplifier input, so that the offset voltage is compensated. This 
configuration eliminates the offset and low frequency noise while avoiding the signal-
dependent charge injections.  

 

On-chip integrated photodiodes CMOS integrated circuit 
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     (a)             (b) 

 
Fig. 37. (a) The equivalent circuit of the preamplifier in autozeroing stage; (b) The equivalent 
circuit of the preamplifier in integration stage. 
 

 
At the same time, the circuit has to be able to isolate the input and output, that is: 

when the first stages in the switched integrator is in its integration and sampling period, 
the output should have the capacity to send the previous sampled data out.  

A continuous readout switched capacitor integrator circuit with correlated double 
sampling technique is designed for a high performance CMOS imaging sensor. Two CDS 
switched-capacitor integrators [Nagaraj 1986] with the deglitching feedback capacitors 
and delayed two-phase non-overlapping clocks [Johns 1996] are cascaded into one circuit. 
The first CDS integrator is the preamplifier for the sensor. The second CDS integrator is 
functioning as the buffer to isolate input and output so that continuous signal processing 
is ensured. The two-phase non-overlapping feature of the clocks makes an ideal isolation 
between the two stages, which is another benefit of switched-capacitor design. The 
readout control logic is a CMOS shift register. When a serial scanning code is sent to the 
beginning of the shift register, the sampled signals in all the channels will be sent to the 
video line one by one. The block diagram for one channel smart sensor circuit is shown 
in Fig. 38. 

 
 

 
 
 
 
 
 
 
 
 

 

 
Fig. 38. Block diagram for the smart sensor circuit (one channel). 
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Compared with the circuit in Fig. 33, this smart sensor circuit minimized the 
switching noise and charge injection. The output is driven and hold by amplifiers, so the 
digital noise caused by the shift register is nothing but a glitch.  

The amplifier for the first stage is a low noise folded cascode amplifier, designed to 
optimize the noise, especially 1/f noise. The second stage is a Miller capacitor 
compensated amplifier, which has the benefit of small area and an all-around optimized 
property for a buffer amplifier. 

A 32-channel integrated circuit is designed, and fabricated in AMS (Austria 
Microsystems) 0.8 µm mixed signal processing line. The layout is shown in Fig. 39. 

 
 
 
 

 
 
 
 

 
 
Fig. 39. Layout for the 32-channel smart sensor circuit layout. 

 
The post-simulation results are shown in Fig. 40. The equivalent photodiode model 

described in Section 3.2 is taken as the input of the integrator. A step current is taken as 
the input current source. The input current level is from 0 to 3.6 nA, with a 200 pA step. 
The integration time can be adjusted to fit the requirement of the gain. The control 
signals are also shown in the same picture. As shown in Fig. 40, φ1 and φ2 are the two-
phase non-overlapping clocks for the first stage, φ3 and φ4 are the clocks for the second 
stage. There is almost no dead time for the integration or readout. 

 
 

Pads to be bonded with photodiode array 

Signal processing IC 
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(a) 
 
 
 
 
 
 

 
(b) 

 
Fig. 40. Timing diagram and output of the CDS switched capacitor integrator (a) A 1.2 ms 
simulation showing the integration process and readout process. (b) A magnified view 
showing analog output and control signal. Note: φ1 is inverting to φ2, and φ3 is inverting to φ4, 
so in the picture they might be covered by their inverting signal. 
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4 Smart sensor micromodule 
 
 

4.1 Peripheral circuits 
 
 

The switched-capacitor integrator designed in Chapter 3 is a mixed signal ASIC circuit, 
so it needs digital driving circuit to provide timing signals. The simulated timing diagram 
is shown in Fig. 41.  
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 41. Driver circuit for smart sensor IC. 
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As shown in Fig. 41, the following timing signals are needed to drive the integrated 
circuit: 
 

• CLK: system clock; 
• φTRIGGER: external line trigger signal to start one line scanning; 
• φST: start signal for the shift register; 
• φ1: two-phase non-overlapping circuit for the shift register; 
• φ2: two-phase non-overlapping circuit for the shift register; 
• φSAMP: the clock for sampling the integrated signal; 
• φRESET: the clock for resetting the preamplifier. 

 
These signals are generated by external digital logic circuits. The device used for the 

driver is Altera CPLD (complicated programmable logic device) MAX7000S.  
The noise of the reference voltage is important for the performance of analog circuit 

because it will be gained by the amplifiers. Noise of a voltage reference can be reduced 
by filtering its output. Broadband noise can be reduced by the square-root of the 
reduction in noise bandwidth. Filtering the output of the reference to reduce the noise 
bandwidth by 100:1 (from 1 MHz to 10 kHz, for example) can reduce the noise by 10:1 
(from 600 mVp-p to 60 mVp-p). A precision reference circuit design for the smart sensor 
micromodule is shown in Fig. 42. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 42.  A precision reference circuit for the micromodule. 
 

The reference circuit places a RC filter at the output of the buffer amplifier. Reference 
noise is filtered by a single pole of f–3dB = 2πR1C1 [Stitt, 1994]. The R2, C2 network 
assures amplifier loop stability. Set R2C2 = 2R1C1 to minimize amplifier noise gain 
peaking. Since buffer amplifier bias current flows through R2, keep the value of R2 low 
enough to minimize both DC error and noise due to op amp bias-current noise.  
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With the RC filter at the output of the buffer, the noise of both the voltage reference 
and the buffer is filtered. Since the filter is in the feedback loop of the buffer amplifier, 
C1 leakage current errors reacting with R1 are divided down to an insignificant level by 
the loop gain of the buffer amp. The feedback also keeps the DC output impedance of the 
filter near zero. Also, leakage through C2 is negligible since the voltage across it is nearly 
zero. At high frequency, the output impedance of the improved filter is low due to C1. 
This filter can drive large capacitive loads without stability problems.  
 
 
 

4.2 Micromodule packaging 
 
 

4.2.1 Grounding of the micromodule 
 
The most important EMC considerations of the smart sensor micromodule packaging are 
the grounding and decoupling issues. Inside a mixed signal IC that has both analog and 
digital circuits, the grounds are usually kept separate to avoid coupling digital signals into 
the analog circuits. The diagram shows a simple model for the smart sensor 
micromodule. There is nothing the IC designer can do about the wire-bonding inductance 
and resistance associated with connecting the pads on the chip to the package pins.  

The rapidly changing digital currents produce a voltage at point B that will inevitably 
couple into point A of the analog circuits through the stray capacitance. In order to 
prevent further coupling, the AGND and DGND pins are joined together externally to the 
same low impedance ground plane with minimum lead lengths. Any extra external 
impedance in the DGND connection will cause more digital noise to be developed at 
point B; it will, in turn, couple more digital noise into the analog circuit through the stray 
capacitance. 

The power supply pins have to be decoupled by good-quality high-frequency ceramic 
capacitors. The decoupling is made to analog ground plane. Ferrite beads are used for 
further isolation. The photodiode bias is provided by a separate regulator because the 
sensor array will draw so much current that could not be provided by the same regulator 
for the circuit reference. Fig. 43 and Fig. 44 show the decoupling diagrams of the smart 
sensor micromodule. 
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Fig. 43. Grounding diagram for smart sensor micromodule. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 44. Power supply filters for the smart sensor micromodule. 
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4.2.2 Packaging of the sensor and IC 
 

The silicon photodiode array, IC and peripheral circuits are packaged together onto a 
substrate. The substrate can have a few different choices. The most common one is FR4 
printed circuit board. High temperature black epoxy substrate (HTBE) is another choice. 
It has better stability and temperature property. The best choice is low temperature co-
fired ceramic substrate that has good reliability, stability, temperature performance and 
high frequency properties. In this thesis, printed circuit boards are used for the 
measurement and small volume production. In the future, the micromodule will be 
packaged into LTCC substrate. 

The inputs of the IC are bonded to the photodiode array with aluminum bonding 
wires. The IC’s other I/O pins are bonded to the gold plates in the printed circuit board. 
The bonding diagrams are shown in Fig. 45.  

 
 
 
 

 
 

(a) 
 

           

 
 

(b) 
 
 
 
Fig. 45. Bonding diagram of the smart sensor micromodule: (a) A 64-channel photodiode 
array is packaged to PCB substrate and (b) Smart sensor IC is packaged to the same PCB 
substrate. 
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A photograph of the packaged smart sensor micromodule is shown in Fig. 46. The 

large detector board in Fig. 46 is an old version of the product with the same function. It 
was built with discrete circuits, and the pixel size is 2.5 mm × 2.5 mm. The smaller board 
in Fig. 46 is the smart sensor micromodule studied in this thesis. Photodiode arrays with 
different pixel size are fabricated, which are 0.8 mm × 0.8 mm pixel size (64 channels) 
and 0.4 mm × 0.4 mm pixel size (128 channels). As seen in the picture, when the pixel 
size goes into sub-millimeter region, a smart sensor micromodule is the only feasible 
solution. 
 
 
 

 

 
 
Fig. 46. A comparison between a 32-channel discrete detector board and a 64-cahnnel smart 
sensor micromodule (Courtesy of Detection Technology Inc.). 
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A closer photograph of the smart sensor micromodule is shown in Fig.47. The 
scintillator is screen scintillator. There are two ICs (each are 32 channels) that are bonded 
to the 64-channel photodiode array. The use of two pieces of IC can reduce the 
capacitance of the fan-shaped input metal connections between the IC input pads and 
photodiode anodes, therefore the noise will be reduced (see Chapter 3.2.) Surface 
mounted components are assembled to the printed circuit board as peripheral circuits. 
Lead plates are mounted on top of the PCB to protect electronics from X-ray. A 
connector is assembled on the bottom of the board. Flat cable is used to connect the I/O 
pins of smart sensor micromodule to external processing circuits. 
 
 
 
 

 
 
 
 

Fig. 47. A closer view to smart sensor micromodule. 
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4.3 Measured results for smart sensor micromodule 
 
The smart sensor micromodule is measured with the following setup as shown in Fig. 48. 
The light source is provided by an LED and optical cable. The photodiode array is 
covered by an aperture slot. Each channel can be covered or exposed by the slot. The 
integration time is controlled by the driver circuit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 48. Measurement setup for smart sensor micromodule. 

 
The main specifications are shown in Table 4 and Table 5.  
 
Table 4. Main specifications for the smart sensor micromodule. 

Parameter Symbol Minimum Typical Maximum Unit 
Pixel pitch P - 0.8 - mm 
Number of pixels /module - - 64 - - 
Active area length/module - - 51.2 - mm 
Supply voltage VDD -4.5 5 +5.5 V 
Operating temperature T -5 20 +60 °C 
Video data rate - 10 - 1200 kHz 
Integration time TI 0.2 - 12 ms 
Video line capacitance CV - 10 - pF 
Output Impedance ZO - 1 - kΩ 
Current consumption IDD - 30 - mA 
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Table 5. Electrical and optical characteristics. 

Parameter Symbol Minimum Typical Maximum Unit 
Spectral Response range  270 - 1100 nm 
Peak sensitivity wavelength   960  nm 
Leakage output voltage VD   10 mV 
Saturation output voltage VSAT - 2.3 - V 
Photo response non-uniformity PRNU - 5 10 % 
Noise VRMS - - 1.4 mVrms
 
 

In all the measurements made above, the integration time is 1ms. The data readout 
speed is 200 kHz unless specified. The photo response non-uniformity (PRNU) is defined 
as follows 
 

100%
V

VV
PRNU

AVERAGE

MINMAX ×
−

=                (4.1) 

 
where VAVERAGE is the average output of all elements, VMAX is the output of the element 
that provides the maximum output; and VMIN is the output of the element that provides 
the minimum output. 

The maximum data readout speed is higher than 1.2 MHz, which is much faster than 
the equivalent products in industry [Hamamatsu 2000, EG&G 1996].  

The minimum integration time can be less than 200 µs, which is another specification 
that is faster than the equivalent products in industry. The IC’s size is 1500 µm × 3500 
µm, which is much smaller than any of the available IC with similar function and 
performance. 

The channel width of the IC is only 108 µm. It is much narrower than the equivalent 
products in the industry, which makes it easy to build smart sensor micromodules with 
smaller pixel size. 

The maximum noise is 1.4 mVrms, and the output voltage swing is about 2.4 V. The 
dynamic range is calculated as 65 dB. The noise can be further reduced by decreasing the 
input capacitance of the photodiodes. 

Fourier analysis has been made for the noise of smart sensor micromodule. It is 
shown in Fig. 49. It can be seen that there is neither low frequency noise (1/f noise) nor 
any frequency spikes (coupled through parasite capacitance or bad power supply filtering) 
dominating in the noise spectrum. A white noise spectrum is also the basic assumption 
for the digital signal processing discussed in Chapter 5. 
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Fig. 49. Noise spectrum of the smart sensor micromodule. The result is calculated with 
MathCAD. The unit of y-axis is 92 µV/√Hz, which is determined by the AD converter 
resolution. 

 
The smart sensor micromodule can be cascaded and built into the X-ray line-scan 

camera. In Chapter 5, the X-ray line-scan camera built by the smart sensor micromodule 
is discussed and more measured results are presented. 
 



 
 
 
 
 
 
 
 
 
 
 
 

5 X-ray line-scan camera microsystem 
 
 

5.1 Digital signal processing 
 

The signal processed in the smart sensor micromodule is still an analog signal, so it 
cannot be recognized by the computer. Therefore it cannot be seen by human eyes or 
processed by computer software. In section 3.1 the FPN problem of the photodiode 
sensors is introduced. In section 3.4 the theory of correlated double sampling technique 
demonstrates that white noise of the sampled signal needs to be further reduced. All these 
requirements lead to the conclusion that the sampled signals should be quantized to get 
digital signals, and be processed to improve the performance, finally be sent to frame 
grabber card in the computer.  

The typical digital signal processing diagram for an X-ray line-scan camera is shown 
in Fig. 50.  
 
 
 
 
 
 
Fig. 50. A typical signal flow in X-ray line-scan camera. 
 
The quantized signals will be processed for the following three purposes: 

1. Noise reduction and signal enhancement are performed to improve the S/N ratio 
and dynamic range; 

2. The digital correction is made to eliminate the fixed pattern noise; 
3. The timing signals for the whole system are designed to organize the data flow and 

image grabbing. 
In this chapter, digital signal processing algorithms and practice for the X-ray line-

scan camera are discussed. Large-scale digital logic circuits, together with memories, 
buffers and line drivers are made into the digital processing unit, or, a microsystem. All 
the analyses and algorithms are realized by hardware and measured results are presented 
in this chapter. 
 

Sampler / 
quantizer 

Digital signal 
processor 

Frame grabber / 
computer display 

Analog 
input 

Digital 
input 

Digital 
output 

Images in 
computer  



                                               68 

  

5.2 Noise reduction and signal enhancement 
 
 

5.2.1 Noise reduction ratio 
 
One of the most common problems in signal processing is to extract a desired signal, say 
s(n), from a noisy measured signal 

x(n) = s(n) + v(n)                  (5.1) 

where v(n) is the undesired noise component of the signal.  
 The standard method of extracting s(n) from x(n) is to design an appropriate filter H(z) 
which removes the noise component v(n) and at the same time lets the desired signal s(n) 
go through unchanged. This process can be expressed as 

y(n) = ys(n) + yv(n)                  (5.2) 

where ys(n) is the output due to s(n) and yv(n) is the output due to v(n). 
In the smart sensor micromodule, the significant 1/f noise is reduced to much lower 

level by the CDS technique. So the main noise to be reduced is white noise. A properly 
designed digital low-pass filter can greatly reduce the noise for the smart sensor 
micromodule. 

Suppose the transfer function of the digital low-pass filter is H(ω), the coefficient of 
the transfer function in time domain is hn, then the amount of noise reduction achieved by 
the filter can be calculated using the noise reduction ratio (NRR), it is defined as below 

NRR = σ2
yv/σ2

v = E[yv(n)2]/E[v(n)2] = ( )
2

H∫−

π

π
ω

π
ω

2
d = Σ(hn)

2      (5.3) 

where σ2
yv = E[yv(n)]2 is the output mean-square noise and σ2

v = E[v(n)2] is the input 
mean square noise, hn is the coefficient of the filter transfer function.  

The signal-to-noise ratio at the input and output of the filter is defined in terms of the 
mean-square values as 

SNRin = E[s(n)2]/E[v(n)2],   SNRout = E[ys(n)2]/E[yv(n)2]            (5.4) 

Therefore, the relative improvement in the SNR introduced by the filter will be 

SNRin/ SNRout = E[ys(n)2]/E[yv(n)2]*E[v(n)2]/E[s(n)2] = 1/NRR * E[ys(n)2]/E[s(n)2]       (5.5) 

If the desired signal is not changed by the filter, ys(n) = s(n), then 

SNRout/SNRin = 1/NRR                     (5.6) 

From above equations it can be seen that a smaller NRR will result in a larger S/N ratio. 
 
 

5.2.2 FIR moving average filter to reduce white noise 
 
There are two ways to realize a digital filter, they are: FIR (finite impulse response) filter 
and IIR (infinite impulse response) filter [Orfanidis 1996]. Each method has its own 
advantage: 
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1. Complexity: IIR smoother is simpler computationally than FIR, requires only 2 
multiplier accumulators (MACs).  However, an N-order FIR type filter requires N MACs. 
So FIR filter will take more hardware resources. 

2. Performance: The FIR smoother performs better than IIR in terms of both the NRR 
and the transient response. In the following section we will see that it can achieve 
unlimited noise reduction capacity if we use unlimited number of N. Of course, with the 
increase of N, the signal bandwidth will also be limited. FIR filter also has better 
transient response. 

3. A further advantage of the FIR smoother is that it is a linear phase filter. 
So FIR smooth filter is chosen as the digital processor. The transfer function to reduce 

the broadband white noise of the smart sensor micromodule is deducted as follows: 
We may first consider, for example, a seven-order low-pass filter, so 

H(z) = h0 + h1 z
-1 + h2 z

-2 + h3 z
-3  + h4 z

-4 + h5 z
-5 + h6 z

-6 + h7 z
-7            (5.7) 

where all parameters also are determined by requiring unity gain at DC: 

 H(1) = h0 + h1
 + h2 + h3 + h4 + h5

 + h6 + h7 = 1          (5.8) 

NRR = σ2yv/σ
2v =Σ(hn)

2 = (h0)
2+(h1)

2+(h2)
2+(h3)

2+(h4)
2+(h5)

2+(h6)
2+(h7)

2  (5.9) 

Finding the minimum value of (5-5) under the condition of (5-4), we have 

h0 = h1
 = h2

 = h3 = h4 = h5
 = h6

 = h7 = 1/8                   (5.10) 

So the optimal smoothing filter becomes 

y(n) = [x(n)+x(n-1)+x(n-2)+x(n-3)+x(n-4)+x(n-5)+x(n-6)+x(n-7)]/8            (5.11) 

Extending to general condition, the optimum length-N FIR filter with unity DC gain and 
minimum NRR is the filter with equal weights 

hn = 1/N, n = 0, 1, …, N-1                        (5.12) 

and I/O equation is 

y(n) = [x(n) + x(n-1) + x(n-2) +…+ x(n-N+1)]/N               (5.13) 

Its NRR is 

NRR = (h0)
2 + (h1)

2 +…+ (hN-1)
2 =1/N                   (5.14) 

Thus, an N-order FIR type smoother can reduce broadband white noise to a very low 
level if we use large N value. Of course, a large value of N has larger time constant, 
which means longer transient time and narrower signal bandwidth. So it can be seen that 
the white noise voltage reduction ratio is proportional to the square root of N in a 
statistical sense. It is the suitable digital filter to remove the white noise from the signal 
of the smart sensor micromodule. 
 
 

5.2.3 Hardware realization of the digital filter 
 
There are many digital signal processing algorithms, however, all of them are limited by 
the resources. One of the resource limitations is hardware limitation. With the 
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development of microelectronic technology, very large-scale digital circuits can be 
implemented in a small BGA package. The size and cost of memory chips are also 
affordable. So the hardware doesn’t bring too much limitation for our system. The other 
limitation is processing speed. In order to achieve a fast operating speed, the number of 
clock cycles for the processing of one pixel is also limited. So an efficient processor must 
be designed to meet the speed requirement.  

A generic FIR filter’s hardware architecture is shown in Fig. 51. The tapped delay 
line registers wi are sequential RAM located on board. The filter weight hi, together with 
the instructions of the filtering algorithms, are all stored in the DSP chip.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 51. Architecture of a FIR filter. 
 

The workhorse of the DSP chip is an on-board multiplier accumulator [Orfanidis 
1996], which implements the dot product multiplications/accumulations, that is, the 
operations 

y <= y + hiwi                       (5.15) 
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As discussed in section 5.2.2, the FIR-type filter needs memory buffers to hold the 
internal states. A straightforward way to implement the memory is to use linear delay line 
buffer. At each time instant, the data in the delay line are shifted one memory location 
ahead. The other way is the circular delay-line buffer. Instead of shifting the data forward 
while holding the buffer addresses fixed, the data are kept fixed and the addresses are 
shifted backwards in the circular buffer. The relative movement of data versus addresses 
remains the same. To understand this, consider first the conventional linear delay-line 
buffer case, but wrap it around in a circle, as shown in Fig. 52 for the case M = 8. 

Going from time n to n+1 involves shifting the content of each register 
counterclockwise into the next register. The addresses of the eight registers {w0, w1, w2, 
w3, w4, w5, w6, w7} remain the same, but now they hold the shifted data values, and the 
first register w0 receives the next input sample xn+1. By contrast, in the circular buffer 
arrangement shown in Fig. 52, instead of shifting the data counterclockwise, the buffer 
addresses are decremented, or shifted clockwise once, so that w3 becomes the new 
beginning of the circular buffer and will hold the next input xn+1. 

In both the linear and circular implementations, the starting address of the state vector 
is the current input sample, and from there, the addresses pointing to the rest of the state 
vector are incremented counterclockwise. But, whereas in the linear case the starting 
address is always fixed and pointing to w0, as shown in Fig. 53, the starting address in the 
circular case is back shifted from on time instant to the next. To keep track of this 
changing address, we introduce a pointer variable p that always points to the current 
input, as shown in Fig. 53. By moving the pointer p, every time only one register or 
memory cell needs to be updated. This action can be finished only in one clock cycle. So 
the circular delay line buffer has the benefit of high efficiency and high speed, which is 
suitable for the X-ray line-scan camera digital signal processing.  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

Fig. 52. Wrapped linear delay-line buffer. 
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Fig. 53. Circular delay-line buffer. 

 
 
Because the data is all the ways being updated during the operation, the filter is called 

moving average filter. The offset and gain values are sent by microprocessor, and some 
of the controlling parameters, such as the order of the filter, are also sent by the 
microprocessor in the control unit. All the internal states (the data in wi in Fig. 52 and Fig. 
53), are saved in one memory chip in the control unit. All the necessary timings and 
operating instructions are saved in FPGA chip, which provides great flexibility for users. 
 
 
 

5.3 X-ray line-scan camera DSP 
 
Fast digital signal processing logic circuits have been profoundly implemented in the X-
ray line-scan camera in this study. The gain correction and offset correction to eliminate 
the FPN problem are also implemented in the microsystem. 

The digital signal processing algorithms discussed in above sections are verified with 
field measurements. The sample images show that the digital filter can improve the noise 
as analyzed in section 5.2 and the digital corrections can fully eliminate the FPN 
problems. 
 
 

5.3.1 Noise reduction 
 
The algorithms of the low-pass filtering of the offset, pixel and reference values are 
similar, so offset filtering is taken as an example here.  

The measurements are done with a 256-channel detector module and the data is 
processed with 16-bit AD converter. The results are processed by MathCAD software.  
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The noise of the offset value before filtering is shown in Fig. 54 (a). The average rms 
noise value is 811 ADC counts. When a 4-order low-pass FIR filter is applied, the noise 
of the offset value is measured at 407 ADC counts, as shown in Fig. 54 (b). When an 8-
order moving average filter is used, the noise is reduced to 311 ADC counts, as shown in 
Fig. 54 (c). The theoretical value and the measured results are normalized and listed in 
Table 6. It can be seen that the result accords with what the theory predicts. 
 
Table 6. Comparison between the theoretical values and the measured results. 

Filter order N Theoretical RMS noise  Measured noise results 
N=0 (No filtering) 1 1 
N=4 0.500 0.502 
N=8 0.354 0.383 
 

The noise of the pixel and reference value can also be filtered in the same way. 
Therefore the increased white noise by the correlated double sampling process is greatly 
reduced by the digital noise filter. 

It can be seen that with an 8-order moving average filter, the noise can be improved at 
least 8 dB. So the system’s dynamic range reaches about 73 dB, which is 12 bits. 
 
 

5.3.2 FPN corrections 
 
Fig. 55 shows the result of offset correction. Fig. 56 shows the result of gain correction. 
From the pictures it can be seen that the stripes of the uncorrected background are fully 
eliminated by the digital processor. All the non-uniformities caused by the sensors now 
are corrected. 

Fig. 57 shows sample images made with the X-ray line-scan camera. Fig. 57 (a) is a 
telephone’s X-ray image made without calibrations. Fig. 57 (b) is the image made with 
calibration. From the comparison it can be seen that the fixed pattern noise of the smart 
sensor micromodule is totally removed by the digital correction.  
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Fig. 54. (a) The noise of the offset values before filtering, (b) a four order moving average 
filter is used and (c) an eight order moving average filter is used. 
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(a) (b) 
 
Fig. 55. Offset calibration. (a) A blank image without offset calibration and (b) a blank image 
with offset calibration. 
 

    
 

(a) (b) 
 
Fig. 56. Gain calibration. (a) A blank image without gain calibration and (b) a blank image 
with gain calibration. 
 

      
 

(a)              (b) 
 
Fig. 57. X-ray scanning images (a) without calibration and (b) with calibration. 



 
 
 
 
 
 
 
 
 
 
 
 
 

6 Measured results and discussions 
 
 

6.1 X-ray line-scan camera mechanics and measurement setup 
 

In the previous chapters, the measured results, including leakage current, device 
capacitance, IC noise, digital corrections for fixed pattern noise have been discussed. In 
this chapter, the sample images with X-ray source are made and studied. 

The measurement setup of the line-scan camera is shown in Fig. 58. 
 

 
 

Fig. 58. X-ray line-scan camera measurement setup. 
 

The X-ray tube is placed on the top of the cabinet. It projects a fan-shaped X-ray 
beam. The smart sensor micromodules are assembled in a line inside the metal enclosure. 
The digital signal processors and other circuits are also assembled in the same metal 
enclosure. The X-ray line-scan camera is placed under the conveyor belt. When the 
scanned objects are moving on the conveyor belt, the X-ray beam will penetrate the 
objects and the images are created in the X-ray line-scan camera. Power supply and 

Closed inspection system 
cabinet and radiation  
system 

X-ray generator  

Fan-shaped X-ray beam  

X-ray line-scan camera studied in this thesis 

Conveyor belt transporting 
the objects to be inspected 

Computer installed 
inside the cabinet Power supply 



                                               77 

  

computer are assembled in the same cabinet. Different equipments are connected together 
with cables.  
 
 

6.2 Main applications and sample images 
 
 

6.2.1 Main specifications 
 
The main specifications that most of the users care are: spatial resolution, operating speed 
and dynamic range.  
 
1. Spatial resolution 
 
The smart sensor micromodules in this experiment use photodiode array with 0.4 mm × 
0.4 mm pixel-size. The spatial resolution is measured with the line pairs. Metal line pairs 
with different width and spacing (called phantom) are measured with the X-ray line-scan 
camera. The finest line pair that can be discerned by the X-ray line-scan camera is 
defined as the spatial resolution.  

The X-ray image of the phantom is shown in Fig. 59. It can be seen that line-pairs of 
400 µm width and spacing can be discerned.  
 

 
 
Fig. 59. Line pairs of 400 µm can be discerned in this image. The numbers in the columns 
show how many line-pairs are contained within one millimeter. A 1.0 line-pair means that one 
line-pair exists within one millimeter, which is corresponding to 0.5 mm spatial resolution. In 
this image, it can be seen that 1.2 line-pairs can be discerned, which is corresponding to 400 
µm spatial resolution. 

 
Fig. 60 shows a package of bread with metal wires inside. The width of the finest 

wire is 250 µm and could be clearly detected by the X-ray line-scan camera studied in 
this thesis.  
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Fig. 60. Bread package with metal wires on the bottom. 
 
 
2. Speed 

The maximum operating speed of the X-ray line-scan camera could reach 2.00 m/s 
without any geometric distortion. It is the fastest speed for the similar products in 
industry [Hamamatsu 2000, Thomson Tubes 2001, Tantus 1999]. 
 
3. Dynamic range 

The dynamic range is defined as follows 
 

DR = 
RMS

OUTMAX

V
V

                   (6.1) 

 
where VOUTMAX means the maximum dynamic range of the smart sensor micromodule 
and VRMS means the RMS noise of the micromodule. As measured in chapter 4, the 
dynamic range of smart sensor micromodule is about 65 dB. In chapter 5, the measured 
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results show that the digital signal processor can improve another 8 dB dynamic range. 
Therefore the dynamic range of this system could achieve 73 dB, which is 12 bits. 
 
 

6.2.2 Main applications and sample images 
 
Food quality inspection is one of the main applications of the X-ray line-scan camera. In 
Fig. 61, various food quality inspections are performed.  In Fig. 61 (a) and (b), screws 
and glass pieces are mixed into the food, and can be detected easily. Fig. 61 (c) is a juice 
box with metal wire inside. In some applications, not only foreign materials need to be 
detected, but also the unwanted part of the food itself. For example, in some food 
processing factories, bones should be completely removed from meat. The residual bones 
should be detected. Fig. 61 (d) shows such an application. 

Another typical application is the custom security inspection. The weapons hidden in 
suitcase by terrorists could easily be detected by the X-ray line-scan camera. Fig. 62 
shows a knife hidden in suitcase. The knife can be distinctively separated with other 
materials inside the suitcase. 

In other industries’ quality inspection, the X-ray line-scan camera can also be used 
widely. Fig. 63 (a) shows an alien metal ball inside an air-fresher box. Fig. 63 (b) shows a 
packaged bulb. The fine structures of the translucent bulb can be revealed clearly under 
the X-ray camera. 

Fig. 64 shows some applications in electronic assembly industry. Fig. 64 (a) shows a 
multi-meter. The components, such as integrated circuits, battery, metal wires, connectors, 
and various components, can be seen very clearly. Fig. 64 (b) shows a normal telephone. 
The components, button contacts, and other fine structures, even the solder points, can be 
shown clearly in the image. 

A further improvement can be made by applying pseudo color to the image. The 
foreign material is usually quite different than the scanned objects. So a threshold voltage 
can be set for the gray scale. When the gray scale is larger than certain value, then the 
computer will show a certain color to the corresponding pixels. Fig. 65 shows the pseudo 
color processing method. The images in Fig. 65 are the same images as Fig. 65 (a) and 
(b). When the pseudo color is set, the foreign material could be found much more easily. 
When different pseudo colors are set, then foreign materials with different densities and 
thickness can be separated. Thus, detection efficiency will be enhanced.  
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(a) (b) 

 
 

 
  (c)          (d) 

 
Fig. 61. Sample pictures on industrial food quality inspection: (a) Chocolate bar with alien 
materials, (b) sausages package with alien material,  (c) juice box with metal wire and (d) 
chicken with bones. 
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Fig. 62. Custom security inspection. 

 

      
 

(a)             (b) 
 
Fig. 63. Industrial inspection (a) Air fresher bottle with a metal ball inside and (b) a bulb 
inside paper package. 
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(a) (b)    

 
Fig. 64. Electronic assembly industry quality inspection: (a) A multi-meter and (b) A 
telephone.  
 

 
         (a)                (b) 

Fig. 65. Pseudo-colored image: (a) Bread with foreign material and (b) sausage package with 
foreign material.



 
 
 
 
 
 
 
 
 
 
 
 

7 Conclusions 
 
The X-ray line-scan camera studied in this thesis is a complicated smart sensor system. A 
traditional method attempts to improve the property of the sensor by exploring the 
physical property of the devices, which would be more and more difficult when it 
approaches the physical limitations. In this thesis, several novel techniques, including 
integrated circuit design techniques, packaging technology, digital signal processing 
techniques, as well as semiconductor processing technology, are combined together to 
improve the performance of the sensor system. The measured results show that these 
various techniques can help to improve the performance of the X-ray line-scan camera. 

The processing technology for silicon radiation detector is studied in this thesis. 
Alloying process is used to reduce the leakage current of the detector. Experiments show 
the alloying process proposed in this thesis could reduce the interface states to much 
lower level. The unique triple annealing processing can improve the overall performance 
of the photodiodes and reduce the leakage current to a low level that is lower than the 
best photodiode reported so far. Measured results indicate that with the novel processing 
technology presented in this thesis, the leakage current of the silicon sensor array is 
achieved at 80 pA/cm2, which is the lowest level reported in the industry. 

CMOS mixed signal integrated circuit is used as the front-end processing circuit. 
Several novel techniques, including correlated double sampling technique, switched 
capacitor integrator, delayed two-phase non-overlapping clocks, deglitching capacitors, 
are combined together to make a continuous charge amplification and sampling circuit. 
The data sampling speed can reach 1.2 MHz, which is the fastest among the similar 
products in the industry.  

A digital signal processor is used to reduce the signal noise. The fixed pattern noise 
caused by offset and gain variations of the sensor array is totally eliminated by the digital 
corrections. The white noise is also reduced by the moving average filter presented in this 
thesis. The dynamic range of the system reaches 12bit, which meets the design goal. 
Parallel and pipeline processing algorithms are used to improve the system speed.  

Measured results show that the operating speed of the system can reach 2 m/s, which 
is among the fastest level for similar products reported in industry. The spatial resolution 
can reach 400 µm. 
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Measurement methodology 
 
 

A1.1 Photodiode leakage current measurement system 
 
Accuracy and reliability of measurements are very important for scientific research. 
Semiconductor processing technology has the feature that the repeatability is not always 
good, especially for device fabrications. So designing an accurate measurement system is 
important for the reliability of the measured results and the analyses in this thesis. In this 
appendix, the leakage current measurement methodology and its accuracy are discussed. 
 The photodiode leakage current is measured by a series of test patterns, including 
normal photodiodes, photodiodes with guard rings, comb photodiodes and gate-
controlled photodiodes. The diagram of measurement system is shown in Fig. 66. The 
anode is connected to 0V, and the substrate is biased to higher voltage. The leakage 
current is measured with HP4145, whose channel 1 is current meter that can measure the 
leakage current from the anode; channel 2 is current meter which can measure the current 
in the guard ring; channel 3 provides stepped DC bias voltage, the voltage is swept from 
0 V to a certain reverse bias voltage.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A1. Photodiode leakage current measurements. 
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A1.2 Guard ring structure 
 
 
The guard ring structure is already introduced in chapter 2. Here the test structures are 
shown again in Fig. 67 for completeness.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  (b) 
 

Fig. A2. Guard ring structures (a) cross-sectional view and (b) top view. 
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A1.3 Comb structures 

 
Comb-structured photodiodes are used to compare with the normal photodiodes that have 
the same effective area, so as to extract the boundary/interface leakage current 
components. The top view of the comb-structured photodiode is shown in Fig. 68.  
 
 
 
 
 
 
 
 
 
 
 
 
 

      (a)            (b) 
 
Fig. A3. (a) Normal photodiode as reference and (b) Comb-structured photodiode. 
 
 
The comb structure is located in the active region, and it has the same effective active 
area as the reference photodiode. We suppose the leakage current has the following 
components: body leakage IG, interface leakage IINTER, boundary leakage IBOUND, surface 
leakage ISURF. The boundary leakage current responses for the extra leakage due to the 
deteriorated performance and different electric field in the boundary junction area. 
 A normal photodiode’s leakage current can be expressed as 
 

LLdIII SURFGD γβ +++=                   (A1.1) 
 

where L is the perimeter of the photodiode, d is the peripheral length of the photodiode 
which can contribute to the interface leakage current. β and γ are coefficients independent 
to geometry dimension, that is, we suppose interface leakage current IINTER is 
proportional to the effective interface area, and the boundary current IBOUND is 
proportional to the effective boundary length, they can be expressed as follows 
   

ICOMB = IG+IINTER+IBOUND+ISURF = IG+ β (nlw+Ld)+ γ (2n(l+w)+L)+ ISURF       (A1.2) 
 
where n is the number of comb strips, l is the length of comb strip, w is the width of the 
gap between neighbored comb strips. It can be expressed as 
 

)(2 wlnnlwII DCOMB +++= γβ                  (A1.3) 
 
where ID is the leakage current of normal photodiode with the same effective active area 
as the comb-structured photodiode, and the last two terms are the extra current generated 
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by the comb structure, including boundary current IBOUND and interface current IINTER. 
Because l >> w, so the ICOMB can be approximated as 
 

( ) ( )lIlwIInlnlwII BOUNDINTERDDCOMB ++=++≈ ,2γβ           (A1.4) 
 

The volume of depletion region of comb structure diode is little larger than normal 
diode, since it doesn’t have p+ implantation in strip gap. This volume difference is very 
small compared with large volume of whole depletion region due to shallow p+ junction 
and large depletion width in high resistance substrate. So we ignore the volume 
difference. 

Comb-structured photodiodes with the same effective active area and different comb 
gap width w are designed and measured. If β and γ are constant values which is not 
related with electrical field distribution, then the interface-generated leakage current will 
increase with linearly, while the so-called boundary current will function as an offset.
 However, the experiment results indicate that strict linear relation does not exist 
between ICOMB and l, w. The measured results are shown in Fig. 69. Zero gap width 
means the normal diode without comb structure. From the experiment results and our 
analysis, it seems that there is not such a boundary leakage current IBOUND, or the value is 
very small compared with interface current, since there’s no such leakage offset in comb 
structure. And the extra leakage current from interface does not exist until the width of 
strip gap increase to a certain value. Our explanation is: the boundary and interface 
generated currents are related with the electrical field. When the distance of the comb 
strips is small, the nearby p+ depletion regions are extended together, so the gradient of 
electrical field in the gap region is small, which results in small boundary and interface 
leakage current. When the comb teeth distance increases to certain level, the interface 
traps take effect, and the leakage current starts to increase linearly. 
 

Fig. A4. ICOMB with different comb teeth distance. 
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Because of the complexity of the boundary and interface leakage current, it is difficult 
to bring a linear formula to describe them, or measure IBOUND and IINTER separately. We 
can only measure the sum of the boundary and interface current. So in the analysis of 
chapter 2, IINTER is used to refer to all of the leakage current caused by the boundary and 
interface. It is already accurate enough for processing condition comparisons.  
 
 
 

A1.4 High frequency MOS CV parameter extraction 
 
In chapter 2 of this study, a lot of processing experiments are based on the high CV 
measurements. In this section, the basic principle of the MOS CV measurements is 
discussed [Nicollian & Brews, 1982]. The MOS capacitor discussed in this chapter is 
based on N-type evenly-doped silicon substrate. High frequency means that the AC small 
signal frequency meets the following conditions: 
 
1. 1/f is much less than the life time of minority carrier. The generation-recombination 
speed of the minority carrier is much slower than the high frequency small signal; 

2. 1/f is much larger than the dielectric relaxation time; 

3. Generation and recombination of electron-hole pairs through the interface states are 
not fast enough to keep up with the changes of high frequency small signal; 

4. Generation and recombination of electron-hole pairs in bulk or through the interface 
states are fast enough to keep up with the changes bias voltage. 
 
 

A1.4.1 High frequency CV curve 
 
MOS capacitor can be regarded as the capacitance of Cox in series with depletion 
capacitance CS 
 

( )sox CCC 111 +=                     (A1.5) 
 

In the high frequency CV curve, the maximum capacitance Cmax is the MOS capacitance 
in accumulation layer, which is defined by 
 

oxsoxmax tACC /0εε=≈                    (A1.6) 
 

The minimum capacitance Cmin is the MOS capacitor happens when the silicon surface is 
in strong inversion, at this time the body capacitance will achieve the minimum Cinv 
 

depsinv wAC /0εε=                    (A1.7) 
 

( )invoxmin CCC 111 +=                  (A1.8) 
 

where wdep is the maximum depletion width. 
 

)Nq/()n/Nln(kT4w D
2

iDs0dep εε=               (A1.9)
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The normalized flatband capacitance is 
 

( )( )DsDioxFB LLCC εε+= 11                (A1.10) 
 

where LD is Debye length: 
 

)Nq/(kTL D
2

s0D εε=                  (A1.11) 
 
 

A1.4.2 Basic parameter extraction 
 
First, we must know the geometric parameters of MOS capacitor: the effective capacitor 
area A, or the SiO2 thickness tox. The measurement steps are: 
 
1. From CV measurement, Cmax and Cmin can be calculated; 

2. If the effective area (A) of the capacitor is known, then tOX can be calculated with A1-6. 
If tOX is known, then A can also be calculated; 

3. From A1-7 and A1-8, wdep can be calculated, and from A1-9 ND can be calculated; 

4. From A1-10 and A1-11, CFB can be calculated. 
 
 

A1.4.3 Flatband voltage and effective charge density in SiO2 
 

1. When CFB is known, VFB can be interpolated from the CV curve; 

2. For MOS capacitor, VFB is 
 

oxeffmsFB CQVV −−=                   (A1.12) 
 

where Vms is the potential between metal and semiconductor that is defined by 
 

( ) ( ) qWEEqWWV mFcsmsms −−+=−= χ             (A1.13) 
 

Usually the charge in the oxide is positive charge. The effective oxide charge density is 
 

( ) ACVVN oxmsFBeff /+=                 (A1.14) 
 
 

A1.4.4 Ideal CV curve 
 
When the parameters of oxide and ND are known, the corresponding CV curve can be 
deducted by the following steps 
 
1. The MOS capacitance in accumulation or in strong inverse can be calculated from 
(A1-5) to (A1-9); 

2. Define us and F(us) as 
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kTqVu ss =                   (A1.15) 
 

( ) ( )12 −−= s
u

s ueuF s                (A1.16) 
 

when the surface is in weak accumulation (0<us<(Ec-EF-0.1)/kT), the depletion 
capacitance is 
 

( ) ( )s
u

FBSs uFeCC s /1−=                 (A1.17) 
 

In depletion region and weak inverse region (0>us>-2(Ec - EF) /kT), the depletion 
capacitance is 

( ) ( )s
u

FBSs uFeCC s /1−−=                 (A1.18) 
 

when us = 0, the depletion capacitance is equal to the flatband capacitance 
 

FBSs CC =                     (A1.19) 
 

The surface potential Vs and gate voltage VG have the following relations 
 

FBoxSSG VCQVV ++= /                (A1.20) 
 

The total charge in depletion region is determined by 
 

( ) AuqFTKLQ sBDsS //0εε=               (A1.21) 
 

Combing (A1-1) to (A1-21), we can get the C-VG curve. 
 
 

A1.4.5 Interface states density 
 
From the above sections, we get the relation between the actual depletion region 
capacitance Cs and VG, as well as the ideal C-Vs curve. When interface states exist, the 
CV curve will drop slower than the ideal CV curve. Comparing the Cs-VG curve and ideal 
Cs-Vs curve, we can calculate the interface states as 
 

( ) ( )( )SSGoxS
GS

SS
oxSit CdVdVCAq

A
q

C
dVdC
dVdC

CVD −−=







−








−= 1/1

/
/   (A1.22) 

 
 

A1.4.6 A practical example 
 
In this section, we will discuss a practical example of the CV measurement. The substrate 
is n-type <111> oriented high-resistance silicon, the thickness of SiO2 is about 0.8 µm, 
the area of MOS capacitance is known as 6.25 mm2. We use numerical ways to calculate 
the ideal CV curve and interface states distribution, as shown in Fig. 70 and Fig. 71. 

1. The thickness of SiO2 layer is calculated as tox = 8303 Å, which is the same as 
measured results; 

2. Serial resistance is Rs= 2806 Ω; 
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3. The doping density of bulk is calculated as ND=4 .68×1011/cm3; 

4. Flatband voltage: VFB = 21.07 V; 

5. Effective charge density in SiO2: Neff = 5.28×1011/cm2; 

6. Interface states density in forbidden band: Dit (Ei) = 0.96×1011/cm2/eV. 
 

High frequency CV measurements to extract MOS parameters is the most common 
method to study semiconductor interface behavior. As any measurement methods, errors 
exist in high frequency CV measurements and numerical calculations. The sources of the 
errors are: non-uniform doping, inaccurate band bending, round-off of numerical 
calculation, etc [Nicollian & Brews, 1982]. However, it is accurate enough for the 
purpose of comparing and optimizing the processing technology. 

Fig. A5. CV curve measurement and ideal CV curve. 

Fig. A6. Numerical calculation result of the interface state density.  
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