A~

R = =

i~ F

TWER [CEFAEFPFHRITT

THE DESIGN AND ANALYSIS OF CRYOGENIC CMOS READOUT INTEGRATED
CIRCUIT FOR InAs/GaAs~QUANTUM=DOT INFRARED DETECTOR ARRAY

g A

TEZE NS LI 22

PoE R 4 L 2 o® -

-—



FhLGFYR L g8 G BE PR P B2 MBI AN £ F LF D
R S )

THE DESIGN AND ANALYSIS OF CRYOGENIC CMOS READOUT
INTEGRATED CIRCUIT FOR InAs/GaAs QUANTUM-DOT
INFRARED DETECTOR ARRAY

g A SRy Student : Chung-Peng Hsieh

hErE:iLa Advisor : Chung-Yu Wu

B = 2 ~ g
THFIRICHF A EFF AL
2L

(=

~

A Thesis
Submitted to College.of Electrical and Computer Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Master

in

Industrial Technology R & D Master Program on
IC Design

February 2006

Hsinchu, Taiwan, Republic of China

PER A LA D



FAF LR AFHTRRPE A
g4 B TR I
Rz 2+ F
TWERICR I AEFEF RIS
B e
AT BT A7 R (Coyogentc) T 4638 2% 2 (CMOS) 3 1§ Bk 3 e 8 fv i@ #

B (L AFY R (45 B T BE G fh A SRR i F) e g o
ARG S R RS S  RARLAILR E & 4
Be2 g e b AU R B H 2 MR L PTRE
TR NTREYE AT AN L TR R 20 Y
Aol T2 S PP iR Rt A R o PR A RS E -
i T e B ézﬂisa] » g (Buffered Gate Modulation Input):f i 7 # » # %
e st TR RE ~ ) (Gate Nodulation Input)hh 4842 4% 8k o & % & & 454f et 5y

% ¥ #] (adaptive gain control) £ & /& ;% % # & F#r (current-mode background

suppression)# iv ek 415

~F

o P B B EJIE it (on-FPA signal processing)¥ 14

HBANTRIG T MR TRENZ P TN F R R 7 HRF AR G %

FeEifrT 34 i L= £ (Double Delta Sampling) & Ea» A& * k>

F %k 2 (fixed patternnoise) ~ FF% w A fe i frid i 7 AL~ o — F Sk 16x16



B 1

FAfF @t 0.3 um 2PAM N-well 34858 &% LR+ 2 H P20 ATK R
BRTAZIVAETR AERSHSHARET A NH Y Foei o g SILR S 95
B %] Mgty s IV <@ g i 1.20MHz ~ & o & 5 5 4880 frames/sec ~ # F i
A 30 mWe oo R B BiL »»cF (injection efficiency) ~ § & ik 4 [l

(dynamic range) ~ % % i % £ (storage capacity) » M52 % gL > 7 i * 25 %

ARG FATRNZ TN EF R NRBFRE AR R

[ERReA

iz AR RA T RE- B e B AR T EE I ERY A

L

=2 l/z'\,;lf fve =7 A S B9 A vh A -3 ‘é—xE‘. T oo

il



THE DESIGN AND ANALYSIS OF CRYOGENIC CMOS
READOUT INTEGRATED CIRCUIT FOR InAs/GaAs

QUANTUM-DOT INFRARED DETECTOR ARRAY

Student : Chung-Peng Hsieh Adyvisor : Chung-Yu Wu

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

In this thesis, a cryogenic CMOS readout-structure is proposed, developed, and applied
to the implementation of photon signal readout integrated circuit for InAs/GaAs quantum-dot
infrared detector array. The silicon readout circuit is an important interface circuit of detector
array and signal processing stage in the IR image system. To achieve high performance
readout and fit the cryogenic working characteristic of IR detector material, a cryogenic
CMOS readout structure has been developed and fabricated. The functions and superior
readout performance of the proposed CMOS readout structure have been verified by
experimental measurement under 77K environment or simulations.

By using the buffered gate modulation input (BGMI) circuit, it can improve the
performance and problem of the conventional gate modulation input (GMI) with adaptive
gain control and current-mode background suppression. The on-FPA signal processing

capability of BGMI circuit at front stage can reduce the noise effect of downstream circuit and
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improve the readout performance. The current-mode background suppression can increase the
signal dynamic range and avoid integrating saturation on capacitor. Moreover, the double
delta sampling (DDS) circuit is used to suppress fixed pattern noise, clock feedthrough noise,
and channel charge injection. An experimental 16x16 readout chip has been designed and
fabricated by using 0.35 pm 2P4M N-well CMOS technology. The measurement results of the
fabricated readout chip under 77K and 3.3 V supply voltage have successfully verified both
readout function and performance. It is shown that the linearity performance of the readout
chip is better than 95% and the maximum output swing is 1V. The maximum readout speed is
1.25 MHz. The frame rate is 4880 frames/sec. The total active chip power is below 30 mW at
77K. It is shown that a high-performance readout interface circuit for IR FPA with high
injection efficiency, high charge sensitivity, high dynamic range, large storage capacity, and
low noise is realized. These advantageous traits make the readout circuit suitable for the
various applications with a wide range of background.

It is believed that the proposed CMOS_readout circuit and the associated design
methodology offer new design scope and future feasibility for new-generation readout ICs of
infrared detector array. Further improvement on circuit performance and practical applications
in various image system including visible and thermal image readout will be explored and

developed in the future.
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CHAPTER 1

INTORDUCTION

1.1 BACKGROUND

Infrared (IR) imaging technology has recently been finding a growing range of
applications including IR search and track, medical examination [1], astronomy [2],
forward-looking infrared (FLIR) systems, missile guidance, and other strategic equipment [3].
These days, the design of IR image system_with multi-function is more and more valuable.
For example, the integration of gcommereial and military IR imaging systems meets both
economic and defense challenges: This concept has led to the increasing research and
developments efforts in applying'the commetrcial CMOS VLSI technologies in the design of
IR imaging systems. Incorporating the'rapid advancement in CMOS VLSI with the progress
in infrared focal-plane array (IR FPA) technologies like detector material, sensing structure,
optics, coolers, readout electronics, image enhancement, and intelligent signal processing
results in the revolution of IR image systems to a new generation with significant
performance improvement.

In general, the IR FPA can be divided into two major parts, namely the detector array
and the readout electronics. As compared to the conventional discrete design, the IR FPA has
the inherent advantages of high packing density, low cost, high feasibility on-chip signal
processing, and high flexibility for system integration. In the high-sensitivity applications, the
IR FPAs are typically fabricated with narrow bandgap semiconductor detectors and silicon

multiplexer and operated in the cryogenic environment. Thus very challenging technologies



for detection materials and the system interface are required. Moreover, high-performance and
low-temperature mixed-mode circuit design are also required for the readout electronics [4].
To achieve the optimal overall performance of the IR FPAs, suitable trade-off among circuit
performance, power dissipation, chip area, and image resolution should be made. A number of

readout structures have been developed for different system application and concern.

1.2 MOTIVATION

The readout circuit of infrared (IR) detector focal-plane-array (FPA) is a very important
interface in the overall IR detection system. Thus, many technologies of designing readout
circuit are still under development. There are various design requirements and constraints on
the readout interface circuit such as charge storage capacity, noise, dynamic range, power
dissipation, detector bias control, array size, and pixel pitch. As the cell number in the FPA
becomes larger, the pixel size and pitch.should be scaled down to accommodate more detector
cells. The small pixel size limits the-complexity of the input stage in the readout circuit and
the storage capacitance, which may degrade the readout performance. Thus many efforts have
been devoted to the developments of new techniques and circuits to improve readout
performance under various constraints. By using background suppression and adaptive current
control techniques, the effective storage capacity, dynamic range, and noise performance are
improved.

Generally background suppression can be realized in two circuits, namely the charge
domain background suppression circuit [5] and the current memory-based background
suppression circuit [6]. The charge domain circuit integrates the complete signal prior to
background suppression. Thus it cannot alleviate the storage capacity limit problem. On the
other hand, the current memory suppression circuit needs complex in-pixel feedthrough
reduction circuit and calibration cycle. Thus it is not suitable for large format FPA
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applications. It is well known that the gate modulation input (GMI) circuit, can yield very low
input-referred noise and high charge detection sensitivity due to the high current-mode gain.
But the GMI circuit is susceptible to voltage bias noise and the fixed pattern noise (FPN) due
to threshold-voltage variations. Thus, the readout performance is limited by these factors.

In this thesis, a current readout structure for IR FPA, called the buffered gate modulation
input (BGMI) circuit, is used to solve the above mentioned problems and improve the readout
performance. Based on the switch-current integration (SCI) readout structure, the BGMI
circuit integrates the shared-buffer detector biasing technique with a GMI-like current gain
configuration in the unit cell input stage. The current gain is achieved by a new unbalanced
current mirror configuration which is immune from the process-dependent threshold-voltage
variation. A current-mode background suppression circuit is also implemented in the off-FPA
shared integration capacitor unit. Mereover, the-dynamic charging output stage with the
double delta sampling (DDS) is-included to eliminate noise. It has been shown from both
simulation and experimental results that'the BGMI readout circuit can achieve good readout
performance through the use of BGML technique, the off-FPA current mode background
suppression.

In this work, the BGMI readout circuit array will be combined with the InAs/GaAs
quantum-dot IR detector array which developed by Academia Sinica to compose a complete
IR image system. The property of the InAs/GaAs quantum-dot IR detector array is illustrated
by Figs. 1.1-1.3. Fig. 1.1 shows the dark current of the IR detector. Fig. 1.2 shows the
differential resistance of the IR detector. Fig. 1.3 shows the capacitance of the IR detector.

The detector array and the readout circuit array will be combined with the indium bond.

1.3 THESIS ORGANIZATION

This thesis contain five chapters which include introduction, review of the techniques of
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developing the readout circuit, the architecture and circuit design, the both simulation results
and experimental results of the fabricated readout chip, and the conclusions and future work.

Chapter 1 introduces the background and explains the main topics of this thesis.

In Chapter 2, the architectures and operational requirements of IR FPA, and the CMOS
readout techniques for IR detectors including the state-of-the-art structure are given. In this
chapter, the analysis of advantages and drawbacks of the conventional gate modulation input
(GMI) and buffered gate modulation input (BGMI) are given.

In Chapter 3, the circuit structure, readout strategy, and simulation results are presented.
By applying BGMI technique, this readout circuit can achieve good readout performance,
high charge sensitivity, and has a good immunity from threshold-voltage variations. Moreover,
the readout dynamic range is dramatically increased by using a threshold-voltage independent
current-mode background suppression technique. Fhe double delta sampling (DDS) circuit is
used to reduce fixed pattern noise, clock feedthrough-noise, and the noise from the effect of
channel charge injection. Then the chip operation and simulation results are described.

In Chapter 4, an experimental 16.x 16-BGMI readout chip has been designed and
fabricated in TSMC 0.35 um 2P4M N-well CMOS technology. The measurement results of
the fabricated readout chip under temperature 77K and 3.3V supply voltage have successfully
verified both readout function and performance. It has been shown that a high-performance
readout interface circuit for IR FPA with high injection efficiency, high charge sensitivity,
high dynamic range, high linearity, and low noise is realized within the pixel size of 80 x 80
um’. These advantageous traits make the circuit suitable for the various applications with a
wide range of background current.

In Chapter 5, a new ion sensor chip for the applications of biology is proposed. An
experimental ion sensor chip has been designed and fabricated in TSMC 0.18 um 1P6M
N-well CMOS technology. It has been shown from both simulation and experimental results
that the proposed ion sensor structure can achieve good readout performance. The circuit

4



structure, readout strategy, and circuit performance of the new ion sensor structure are
described first. Then both simulation results and experimental results of the fabricated ion
sensor chip are presented. Finally, a summary is given.

Finally, the main results of this thesis are summarized in Chapter 6. Some suggestions

for the future work about the readout circuit design are also discussed.
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CHAPTER 2

REVIW ON INFRARED FOCAL PLANE ARRAY

AND CMOS READOUT TECHNIQUES

2.1 STRUCTURES AND OPERATIONAL REQUIREMENTS OF IR
FPA

2.1.1 IR FPA Structures

Recently, the development of IR FPA. technologies has made the design of
high-sensitivity, high-density, large-format; and high-spectral-resolution IR image systems
quite feasible. Moreover, the progress of VLSI techniques and detector fabrication
technologies dramatically reduce complexity and cost of IR systems. The application of
various developed technologies on the design of IR FPAs has resulted in the advantages of
simplified electrical interconnection, higher performance reliability, and simplified package.
Some commonly used structures of the three major classes of IR FPAs, namely, hybrid array,
monolithic array, and pseudo-monolithic array, are reviewed below.

1) Hybrid Array :

The most commonly used IR FPA structures in the hybrid array [7] are flip-chip and
Z-plane technologies [8] as shown in Fig. 2.1(a) and 2.1(b), respectively. In Fig. 2.1(a), the IR
detector array chip and the readout chip are compounded by the indium bump grown on the
aligned pixels of both chips. This is the mostly used structure in the hybrid array technology.

In the Z-plane technology shown in Fig. 2.1(b), the readout chips are stacked one on top of



another and then the detector array is mounted to the third dimensional plate on the edge. In
the Z-plane structure, one readout chip is used by one channel of detectors so that many
electrical circuit techniques like complex input circuit, gain offset correction, A/D converter,
filter, smart and neural function, as well as image signal processing stage can be implemented
on the readout chip [9]. However, the image resolution is limited by the readout chip
thickness. In the application of hybrid array technology, uniformity of indium bumps, chip
alignment as well as thermal expansion effect and mechanical damage on the detectors should
be considered during the hybridization process [10].

2) Monolithic Array :

The monolithic array technology is developed to solve the hybrid process problems by
building IR detectors like PtSi Schottky barrier [11], micromachining bolometer [12], or
extrinsic detectors on the silicon substrate [13]. Thus both IR detectors and readout circuits
can be fabricated in one monolithic chip as shown. in-Fig. 2.2(a). The reliability of IR FPAs
can be improved under monolithic desigh. However, the detector types and materials must be
compatible with the silicon process. This limits the applications of monolithic array on IR
image systems.

3) Pseudo-Monolithic Array :

As an alternative method to the indium-bumping hybrid array and monolithic array
technologies, the readout chip and detector chip can be compounded through the via-hole
technique [14], in the so-called pseudo-monolithic array as shown in Fig. 2.2(b). Both readout
chip surface and detector chip surface must be polished to achieve a precisely flatness and
parallelism before combined as a single chip. Then some detector fabrication processed and
routing metallization processes are applied on the combined single chip. The
pseudo-monolithic technology remains some advantages of silicon-like processing, but its

reliability is still needed to be optimized.



2.1.2 Operational Requirements for IR FPA [15]

In different applications of IR image systems, there exist certain specific requirements
for the design of IR FPAs. In general, the requirements involve a broad range of electrical
circuit and detector array parameters like detector bias control, injection efficiency, charge
storage capacity, integration time, noise, dynamic range, readout rate, array size and pixel
pitch, power consumption, and operating temperature. Some general discussions of these
requirements are summarized below.

1) Detector Bias Control :

The dark current, injection efficiency, detector 1/f noise, and responsibility are affected
by the detector bias. Moreover, operation ability and linearity of spectral response are also
affected directly by the bias. Therefore, a strict and stable detector bias control is necessary in
IR FPAs.

2) Injection Efficiency and Bandwidth

The injection efficiency is defined as theratio of the current flowing into the readout
circuit to the detector current. High injection efficiency and wide input bandwidth leads to
good responsibility and readout performance. To achieve high injection efficiency and wide
bandwidth, the input impedance of the interface circuit should be lower than the shunt
resistance of IR detectors.

3) Charge Storage Capacity :

In most readout structures of IR FPAs, the photon excited carriers are accumulated on
the integrating capacitor and transferred to voltage output. Therefore, the charge storage
capacity is determined by both background and dark current levels of IR detectors as well as
the value of integrating capacitor. Maximum charge storage capacity can be achieved by
keeping background and dark currents small and using a large integrating capacitor. However,
the capacitance value is limited by pixel size and the chip area of readout circuit.
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4) Noise :

Noise in the IR FPAs can be separated typically into two categories, random noise and
pattern noise. Random noise varied temporally and is not constant from frame to frame in the
imager. Pattern noise is divided into two components, one is fixed pattern noise (FPN) and the
other is the photo-response nonuniformity (PRNU). The FPN comes from dimensions, doping
concentration, and contamination of photo-detectors and the characteristics of threshold
voltage, width, and length in MOSFETS. The PRNU noise comes from the thickness of layers
on the top of photo-detectors and wavelength of illumination. These noises in the CMOS in

the IR FPAs are briefly discussed below.

(1) Random Noise :

An imager with a constant scene should produce identical output from frame to frame. In
practice, the output from a given pixel will vary over time due to thermal noise, charge
trapping, and 1/f noise in the devices-which _comprise the imager. Photonic shot noise is
usually not included in this quantity, although this also contributes to noise at the output.
Random noise is typically stated in terms of input-referred equivalent electrons, i.e., the root
mean square (rms) output voltage noise divided by the conversion gain.

(i1) Fixed-Pattern Noise :

Fixed-pattern noise (FPN) is the fixed (constant in time) variation between pixel outputs
under spatially uniform illumination. Fixed-pattern noise is typically due to random or
mask-induced mismatches in device parameters such as threshold voltage, trap density, and
parasitic capacitance. FPN is usually a function of illumination, and can be written as the sum
of a gain term and an offset term for an imager with a linear response characteristic. Offset
FPN is constant over illumination, and gain FPN is proportional to illumination.

FPN consists of components that describe variation between columns, and variation
between pixels in a single column. Column FPN is the standard deviation of the
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column-average pixel output values in a time-average, uniformly illuminated frame. The

column FPN is expressed as :

FPN (column) = 2.1

Where EJ is the average pixel value in column j and P is the average pixel value in the

frame. Since a column FPN calculation requires multiple columns, j > 1. Pixel FPN is the
standard deviation of pixel output values after column FPN has been removed. In order to

calculate pixel FPN, multiple pixels are required. The pixel FPN is expressed as

> (Pui—Pj)
FPN (pixel) = {/- - (2.2)

whereiej>1.
(i11) Reset Noise :

If the diffusion of the photodiode is reset through a MOSFET, this is equivalent to a
capacitance being charged through the resistance of the MOSFET channel. The rms

(root-mean-square) noise voltage can be expressed as

KT
<Vrms > = \/% (23)

where k is the Boltzmann constant, T is temperature, and C is the capacitance of photodiode.
The reset noise is generally called “KTC” noise.
(iv) Thermal Noise :

Thermal noise is due to the random thermal motion of the electrons and is unaffected by
the presence or absence of direct current. It is a white noise which means the noise power is

constant over all frequencies. For a resistor, the thermal noise rms voltage can be expressed as

(V,.) = JAKTBR (2.4)
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where B is the noise bandwidth and R is the resistor. Since the thermal noise covers the entire
frequency range, the bandwidth determines the actual amount measured.
(v) Shot Noise :

Shot noise is another white noise that arises from the discrete nature of the electrons, for
example, the random arrival of particles of charge. This is the result of the random generation
of carriers such as thermal generation within a depletion region (i.e. shot noise of dark current)
or the random generation of photon-electrons, and always associated with the direct-current
flow through the device.

(vi) Flicker (1/f) Noise :

The flicker noise occurs at any junction, including metal-to-metal,
metal-to-semiconductor, semiconductor-to-semiconductor, and conductivity fluctuation. The
flicker noise arises mainly in amplifier circuits where there are numerous such contacts. At
low frequency, flicker noise can be the dominant component, but it drops below thermal noise

at higher frequency.

5) Dynamic Range :

The dynamic range is defined as the ratio of maximum charge capacity to noise floor.
The required dynamic range of IR FPAs is determined by the ratio of the brightest signal level
to the weakest. Larger dynamic range is preferred but limited by storage capacitance, linearity,
and noise level.
6) Readout Rate :

The readout rate is chosen according to the specific IR system requirement and limited
by the allowable chip power dissipation as well as the circuit operation speed. Usually a
higher readout rate is needed for multiple sampling applications in image compensation
function. Higher readout rate is also needed to avoid the saturation of the signal after
integration.
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7) Integration Time :

Like the readout rate, the integration time is chosen according to the application
consideration. Generally, the saturation frequency of the integrating capacitor and the detector
sensitivity determine the proper length of integration time.

8) Array Size and Pixel Pitch :

The array size and pixel pitch are usually determined by the IR FPA technology. Higher
image resolution requires larger array size and smaller pixel pitch. However, a larger pixel
size is needed to increase the integration capacitance and improve the performance of charge
capacity and dynamic range. Thus optimal design trade-off should be made between the
application flexibility and resolution performance.

9) Power Dissipation :

This is a typical requirement in the applications of the IR FPA using photon detector
instead of thermal detector. Power dissipation as limited by the heat loading of the cryogenic
cooling system which determines-the system cost.

10) Operating Temperature :
The operating temperature is determined by the detected wavelength range and the

material of IR detectors. For each detector, there is a unique operating temperature.

It is important to determine the operational requirements in the design of an IR FPA for
specific applications. A complete analysis of operational parameters like IR background
radiation level, spectral response band, operating temperature, detector structure, signal
contrast ratio, sensitivity, and resolution should be set before the design trade-off. Therefore,
all the operational requirements discussed above have unique optimized orientations for IR

image systems in different applications.
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2.2 CMOS READOUT TECHNIQUES FOR IR DETECTORS

In the development of IR FPAs, the readout circuit electronics is the second major part
next to the IR detector array. Readout electronics is deigned to support a good interface
between IR detector and the following signal processing stage. Different circuit techniques
have been developed for IR FPAs with different materials and structures. The readout circuit
techniques based on silicon CMOS VLSI technology are addressed in the following
discussion.

Generally, the pixel pitch of IR FPAs is reduced with the increasing array size and
resolution. Moreover, the total power dissipation of IR FPAs is limited by the image system.
These two major factors often put constraints’on, circuit design space and complexity. Thus
the design of IR FPA readout eleetronics requires.a trade-off between circuit performance and
complexity.

Some simple readout structures like source-follower per detector (SFD), direct injection
(DI), and gate-modulation input (GMI) are still commonly used in large staring IR FPAs
because of the small pixel area and power consumption. In addition, more complex circuit
techniques like buffered direct injection (BDI), capacitive transimpedance amplifier (CTIA),
and buffered gate modulation input (BGMI) have been developed to provide excellent bias
control, high injection efficiency, linearity, and noise performance. Simple and
high-performance circuit techniques have been a challenging work in the design of readout
circuits for IR FPAs.

In the following, some of the commonly used CMOS readout techniques as well as the
state-of-the-art structures will be reviewed. The noise reduction strategies used to improve IR

image performance are also discussed.
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2.2.1 Readout Circuits

1) Source-follower per Detector [16] :

A simple readout circuit called the source-follower per detector (SFD) is shown in Fig.
2.3 where a NMOS source-follower MNI and MNL, a reset PMOS gate M-Rst, and a
multiplexing NMOS device M-Sel are used in each cell. The integration capacitance is the
summation of detector shunt capacitance Cegetector and input node capacitance of the SFD. The
integration capacitor is reset to high and then discharged by the photocurrent Ijeiector. After an
integration period, the cell voltage signal is sampled to the output stage serially through the
device M-Sel controlled by the clock Select. The simple structure of the SFD makes it suitable
for the applications of high density, large format, and low power IR FPA. However, since the
photon excited carrier charges are integrated.on the input node capacitance of the detector
directly, the detector bias voltage changes through integration. It can result in variations of
detector characteristics and non-linearity of readout current, which limit the application of
SFD. Moreover, the SFD is susceptible to KTC noise induced by the integration-and-reset
function and fixed pattern noise (FPN) caused by the process-dependent threshold voltage
variations. Usually, a correlated double sampling (CDS) stage is used to reduce the KTC
noise of the SFD readout circuit.
2) Direct Injection [17] :

Another simple readout circuit called the direct injection (DI) is shown in Fig. 2.4. In the
DI circuit, a common-gate PMOS device Mpy is used to bias and sense the current of the IR
detector. The detector current Igeector passing through the gate Mpy is further integrated on the
integration capacitor Ci,; which can be reset by the NMOS device M-Rst. The integrated
voltage is readout through the PMOS source follower MPI and the multiplexing device M-Sel.

In the DI circuit, a better bias control than the SFD during integration is supported by the
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common gate device Mp;. Like the SFD circuit, the DI circuit has a simple structure and no
active power dissipation. This makes it suitable for high-density IR FPA applications. The
injection efficiency of a readout circuit is defined as the ratio of the current flowing into the
readout circuit to the detector photocurrent Igeectorr The injection efficiency of the DI is
determined by the ratio of detector shunt resistance to input resistance of Mp;. Thus a lower
input resistance means a higher injection efficiency and better detectivity. Since the input
resistance of the PMOS device Mp; is proportional to its overall current including the
background current level. Thus, the DI is not suitable for the applications of low-background
IR image readout. Moreover, a stable and low noise dc bias Vpy is needed in the DI circuit.
Both threshold voltage non-uniformity and KTC noise are still problems of the DI readout
circuit.
3) Buffered Direct Injection [18] ;

A complex readout circuit called the buffered direct injection (BDI) circuit is shown in
Fig. 2.5 where the circuit structure is similar.to-the DI except that an additional inverted gain
stage with the gain -A is connected between the gate node of the common-gate input device
Mgp; and detector node. The input impedance can be decreased by a factor of A due to the
negative feedback structure. Thus, the injection efficiency is increased to near unity. Usually,
the inverted gain stage can be implemented by differential pair or inverter. The detector bias
control of the BDI is more stable than those of SFD and DI due to the virtual-short property of
the gain stage. Besides, the source voltage of Mpp; can be tuned by adjusting Vom, thus the
bias of the IR detector can be turned to get a stable photo current. Moreover, both equivalent
input referred noise and operational bandwidth can also be improved as compared to the DI
circuit by this inverted gain stage. Since the detector bias is controlled by the input voltage
V.eom Of the differential pair instead of Vp; and gate-to-source voltage of Mpy in the DI circuit,
both threshold voltage non-uniformity problem and strict low-noise bias requirement of the
DI are immune. However, the additional gain stage consumes active power during integration.
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This additional power loading can be reduced by proper design of the gain stage with low bias
current. Generally, the BDI is suitable for those applications which require high readout
performance and can afford additional circuit complexity, chip area, and power dissipation.

4) Capacitive Transimpedance Amplifier [19] :

The schematic of the capacitive transimpedance amplifier (CTIA) is shown in Fig. 2.6.
Where the integration capacitor Cjy is placed on the feedback loop of the amplifier with a
reset device M-Rst to discharge the integration capacitor and reset the amplifier output to the
reference voltage V.om. The detector bias is also controlled by V om through the virtual-short
feature of the amplifier. Thus a good detector-bias control can be obtained in the CTIA as the
BDI. Due to the Miller effect on the integration capacitor, its capacitance can be made
extremely small to obtain low-noise and high-sensitivity performance. Unlike DI and BDI, the
input impedance of the CTIA is independent of detector current. However, the feedthrough
effect of the reset clock can be coupled to the detector node and affect the stability of both
detector bias and amplifier operational point. Moreover, additional area and power
consumption of the inverted gain stage are needed in the CTIA. Usually, the inverted gain
stage is implemented by a differential amplifier to provide low detector bias offset and a CDS
stage is used to eliminate the KTC noise.

4) Gate Modulation Input [20] :

The gate modulation input (GMI) readout circuit has a current-mirror configuration with
the tunable source bias Vgouree to control the current gain as shown in Fig. 2.7. The injection
current flowing into the master device Mjq,q 1s mirrored and amplified by the slave device
Minpue and integrated on the integration capacitor Ciy. The current gain of the current mirror
Migad and Migpy 18 tunable by the adjustable bias Vgource. Similar to that in the DI circuit, the
injection efficiency of the GMI is dependent on the ratio of detector shunt resistance to input
resistance of Mj,q. However, the inherent current gain of the GMI leads to higher detection
sensitivity and reduced input referred noise as compared to the DI. Moreover, the adaptive
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current gain in the GMI can be controlled by the background level and thus the realizable
background suppression leads to a higher dynamic range. However, both injection efficiency
and current gain of the GMI are sensitive to the variations of Ve and threshold voltages.

The effective injection efficiency (or current gain) A;gv; Which is the current ratio

between Al and Al - [6], the injection efficiency my,p, of the direct injection (DI)

readout structure, and the detector bias Vp can be expressed as

Al O,
A — input — M.input . (25)
Lot A Iphoto gm.load o
gmAloadRD
= Smload ’D 2.6
i 1+ 0510.aRp (2:6)
VD = Vsub - VGS.Mload - Vsource (27)

where Om.input (Om-10ad) 15 the transconductance of the.input (load) MOSFET Mipput (Mioad) under
input background current bias, Rpis.the detector shunt resistance, Vg, is the detector N-node
bias (N-on-P type PV detector), Vs Mmioad 15-the gate-to-source voltage under input background
current bias, and Vource 1S the external adjustable’'source node voltage. The current lj,g and the

gate-to-source voltage Vs mioad Of the load device Mj,,q can be expressed as

2

lioaa = Kioaa (VGS.Mload - VT) (2.8)

|
Vs Mioad = Kload +V; (2.9)
load

where Kjoq 1s the transconductance parameter of the MOS device and Vi is the threshold

voltage. From Egs. (2.7) and (2.9), the detector bias Vp can be expressed as

|
load
sub K + VT - Vsourcc
load

(2.10)

It is shown from Eq. (2.10) that the detector bias is sensitive to the adjustable source voltage

Vsouree NOise and threshold-voltage variations. Since the detector shunt resistance Rp is
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sensitive to the detector bias Vp, the injection efficiency is also sensitive to Vgouree and
threshold voltage variations as may be seen from Egs. (2.6) and (2.10). To obtain a stable
injection efficiency, a strict control on both Vg and threshold voltage uniformity is
required.

Using Eqgs. (2.8) and (2.9) and the relation Vg minput = VGsMioad T Visource, the mirrored

current liypy can be represented as

Il
%
5
=8
—
_8<
£
a

+
<

i 2 2.11)
= Kinput —od + V + VT - VT

K source
load

Thus we have

‘\[ input ‘V 1nput[ o +Vsourcej (212)
U load

Since the transimpedance g, = 2+/KI ; the transimpedance ratio between Miypy: and Migaq 15

gm.input k. 1nput \ Iinput
gmAload Kload V Iload

K 1nput

QOHFCS
mput
load V load V load

As may be seen from Egs. (2.13) and (2.5), the value of the current gain A gy has a wide

(2.13)

range of several orders of magnitude depending on the IR detector background current. The

smaller the current, the higher the current gain. This means an adaptively controlled current

gain. Moreover, the current gain also depends on Ninj 01 and Vgource. Thus the current gain can

be additionally adjusted by Vource.

However, it is shown in Eq. (2.5) that the GMI circuit, like the DI readout structure,
needs a large detector shunt resistance to achieve a high injection efficiency and thus a high
current gain. Since the injection efficiency is sensitive to Vgouee and threshold voltage

variations, so is the current gain. From Egs. (2.5) and (2.13), it can be shown that the GMI
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circuit is susceptible to fixed-pattern-noise due to threshold-voltage variations in the
transistors Misaq and Minpu: causing the current gain to vary from one cell to another. To obtain
a large total dynamic range in the GMI circuit, the current gain should be kept high and
uniform. This leads to strict requirements on MOSFET threshold-voltage uniformity and
extremely low noise of the dc bias Vuree Which are difficult to control.
From the discussion above, the properties of the GMI structure are obtained. The
advantages are :
1)  The current mirror amplifies the photo excited current, therefore the GMI can achieve
high injection efficiency.
i1) Due to the simple structure, the pixel pitch can be very small to extend the array size
larger.
iii) The current gain can be adjusted to suitable value according to the current level by the
external adjustable Vgyrce.
And the drawbacks of the GMI are
1) The injection efficiency (or current gain).iS affected by the threshold voltage variation
and the noise of the adjustable Vgource, and the linearity is affected at the same time.
i1) From Eq. (2.7), it is shown that the bias of the detector varies with the level of the excited
photo current and the noise of the adjustable Vgyee. Therefore, the linearity will be

affected by this factor.

5) Buffered Gate Modulation Input (BGMI) [21] :

The buffered gate modulation input (BGMI) structure is improved from GMI structure as
shown in Fig. 2.8. The circuit structure is similar to the GMI except that an additional
inverted gain stage is connected between the gate node of the common-gate input device and
detector node. By applying V.om to the amplifier, the detector bias will keep stable to improve
the linearity. Besides, the current mirror with adaptive gain control is not sensitivity to source
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noise.

The effective current gain A pgmi of the BGMI circuit, the injection efficiency My gpp;  Of

the SBDI readout structure [22], and Vp are

Al. g,
A _ input _ Im.input 2.14
B AL e Gy S =
R €)1 (2.15)
-SBI 1 + (1 + A)gmAload RD
V, =V, -V.__ (2.16)

where A is the gain of the amplifier and Vo, is the common input bias. As may be seen from
Eq. (2.15), high injection efficiency can be achieved with a smaller Rp requirement as
compared to that in the GMI circuit. Moreover, the injection efficiency is not sensitive to
threshold voltage variations and noise of the source bias voltage. The detector bias Vp is
independent of the MOS threshold voltage and.-any. source bias voltage as in Eq. (2.16). Thus,
unlike the GMI circuit, the threshold:nen-uniformity-and source-bias-voltage noise have no
effect on the detector bias.

As seen from Eq. (2.14), the current gain is equal to the transconductance ratio between
Minput and Migag. To increase the current gain, gm.inpu Should be larger than gmioaa. To achieve
this without any external bias voltage, shorter channel length is used in My, Whereas
narrower channel width is used in Mjy,4. Due to short-channel and narrow width effects, the
threshold voltage of Mg 1s greater than that of Mippy.. With the threshold diffrence AV, the
transconductance ratio in Eq. (2.14) can be similarly derived as

Orio \/T Vi
g m.load load load
Kinput 1 AV,

In Eq. (2.17), the threshold voltage difference AV, is geometry dependent and thus is very

(2.17)
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stable. Unlike the GMI circuit, no strict source bias voltage control is required in the BGMI
circuit. The current gain of BGMI circuit is immune to threshold non-uniformity and noise of
the source bias voltage. It can also be adaptively controlled by different IR background input
flux. This high front-stage current gain makes the downstream circuit and system noise
contribution extremely low. It results in a low input referred noise. Moreover, BGMI circuit
can operate with a larger integration capacitance compared to DI and BDI and still obtain low
noise performance and high charge detection sensitivity.

The integration capacitance is connected to the input MOSFET My through a row
select device. In the integration period, the drain voltage of Minp, Will not be identical.
Therefore, the current gain of the current mirror will not keep constant, thus the linearity
decrease. Besides, the integration capacitance is shared for each column, the value of the
capacitance should be chosen large.to eliminate all-the parasitic capacitance of the connecting
node of the integration capacitance. and all the row select switches. With the larger value of
integration capacitance, the readout rate-decreases.

From the discussion above, the characteristics of BGMI are obtained. The BGMI not
only keeps the advantages of GMI such as high injection efficiency, low noise, but also has

more benefits like fixed detector bias control and adaptive gain control.

2.2.2 Noise Reduction of IR Image

Temporal noise and pattern noise are two main noise types of IR image systems. The
temporal noise sources include shot, thermal, 1/f (flicker), generation-recombination, KTC,
and photon noise which are contributed by detectors and readout circuits. The pattern noise is
caused by the process dependent variations which produce offset drifts among detector
channels. Usually, the temporal noise can be reduced by detector technology, operational
condition, circuit techniques, and system arrangement, whereas the fixed pattern noise can be
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reduced by calibration techniques [23]. The two-point and multipoint calibrations are
commonly used to reduce the FPN [24]. The required number of calibration points is
dependent on the infrared radiation determined by the range of object temperature variations.
A larger radiation means a larger output voltage swing and more nonuniformity of response.
For the same range of temperature variations, the infrared radiation of medium-wavelength IR
(MWIR) detector is larger than that of long-wavelength IR (LWIR) detector. Thus, the
number of calibration points of MWIR readout is usually more than that of LWIR readout.
The noise sources contributed by readout circuits should be carefully reduced to achieve a
background limited performance (BLIP). Some general strategies of noise reduction for
readout circuits like correlated double sampling (CDS) [25], modified CDS [26], multiple
correlated sample read (MCS) [27], chopper-stabilized input circuit (CSI) [28], double delta

sampling (DDS) [29] have been proposed.

2.2.3 Double Delta Sampling (DDS) Circuit

The most commonly used readout circuit in CMOS imagers is double delta sampling
(DDS) circuit [29] as shown in Fig. 2.9. The DDS circuit is composed of column sampling
circuit and output correlated double sampling circuit. The two branches in column sampling
circuit are used to store the reset and signal voltage. Each branch consists of a sample and
hold capacitor (CS or CR) with a sampling switch (SHS or SHR) and the first source follower
with a column-selection switch (Csel). The clamp switches, the coupling capacitors (COS and
COR), and the output drivers are common to an entire column of pixels. The load transistors
of the first set of source follower and the subsequent clamp circuits and output source
followers are common to the entire array. The DDS circuit can be used to suppress fixed
pattern noise (FPN) and clock feedthrough noise. The disadvantage of DDS circuit is the high
noise due to channel charge injection.
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The correlated double sampling (CDS) circuit [25] is another effective method in CMOS
imagers to remove low-frequency noise and reduce offset and charge injection effects in
readout circuits. The CDS output represents the actual signal, provided that the noise is slowly
varying, e.g. 1/f noise, in comparison to the sampling frequency of the system. A
disadvantage of the correlated double sampling is that it increases the mean-square thermal
noise by a factor of two since two samples of uncorrelated thermal noise are acquired and
subtracted [25].

In the double delta sampling (DDS) circuit, the reset and signal levels are read out
differentially, allowing double delta sampling to suppress I/f noise, fixed-pattern noise, and
KTC noise from the pixel. A DDS circuit shorts the sampled signals during the readout cycle
reducing column fixed pattern noise. These readout circuits are common to an entire column

of pixels.
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CHAPTER 3

ARCHITECTURE AND CIRCUIT DESIGN

3.1 CHIP ARCHITECTURE

Fig 3.1 shows the block diagram of the readout circuits. The analog circuits are the main
signal processing stage. There are three major parts of the analog circuits in the proposed
structure which are composed of NxN unit-cell BGMI input stage, 1xN shared integration
capacitor stage with current-mode background suppression and double delta sampling (DDS)
circuit, and one output stage. The,integration-capacitor is put in the column readout circuit to
perform off-pixel integration. The row decoder and the row counter on the left side of pixel
array are used to generate the control-signals-for the.row switches. The column decoder and
the column counter on the top side of pixel array are used to generate the control signals for
the column reset operation, the column switches, the double delta sampling (DDS) circuit, and
the row counter. The column readout circuit generates two analog output voltages. One is the
signal proportional to the gray scale intensity of the image whereas the other is the signal
proportional to the reset voltage at the integration capacitor. The output CDS circuit is used to
drive the external loads and perform the CDS operation.

The image information is transformed as the photocurrent in the pixel array by using the
IR detector. The photo-current is delivered to the column bus and converted into a voltage
signal proportional to the intensity of image after the current integration outside the pixel. The
current-mode readout from pixel to column readout circuit avoids the voltage swing in the

highly capacitive column bus. The photo-signal and reset signal are used for the operation of
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the double delta sampling (DDS). The two signals generated in the output CDS circuit are
delivered to the programmable gain amplifier (PGA), A/D converter, and display system

outside the chip to generate the raw image.

3.2 CIRCUIT DESIGN

Fig. 3.2 shows the schematic of readout circuit. The whole IR image system will operate
in temperature 77K. In order to design a high performance readout chip to combine with the
detector array developed by Academia Sinica, the buffered gate modulation input (BGMI)
structure is used. Besides, a current-mode background suppression circuit is implemented in
the off-FPA shared integration capacitor stage. Moreover, the double delta sampling (DDS)
circuit is included to eliminate noise. The design of the circuits will be discussed in the

following sections.

3.2.1 Buffered Gate Modulation Input (BGMI) stage

The unit-cell BGMI input stage as shown in Fig. 3.3 not only keeps the benefits of the
conventional GMI structure such as high injection efficiency, low input referred noise, small
pixel pitch, but also solves the problems of GMI structure. The device parameters of the
unit-cell BGMI input stage are given in Table 3.1. Every unit cell will combine with the
detector by an indium bond. When the detector absorbs infrared flux, the photo-generate
current flows into the current mirror in the unit cell. Then the mirrored and amplified current
flows into the off-FPA integration capacitance stage and transfers to voltage.

Fig 3.3 shows the amplifier is connected as negative feedback type. Therefore the bias
voltage of the IR detector is fixed and is adjustable by adjusting Vcom. The difference
between common voltage Vcom and IR detector substrate bias PVsub deference determines
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the bias condition of detector. Besides, as the conventional BGMI structure, the applying of
the amplifier makes the injection efficiency increase substantially as mentioned in chapter 2.
The photocurrent flowing into the master device Mj; is mirrored and amplified by the slave
device M;;. The amplified pixel current signal at the output of the current mirror is switched
to the off-FPA shared integration capacitor stage through the MOS switch M,y controlled by
the row select clock Rsel. The current signal will be amplified again by the cascade current
mirror of integration capacitor stage. To amplify the dark current to pA level in order to
increase the accuracy of the current-mode background suppression. After that, the

photocurrent signal is integrated row by row in the integration capacitor stage.

3.2.2 The Current Mode Background Suppression Circuit

In the BGMI circuit, the amplified background ecurrent is integrated directly and thus a
large amount of charges must be raccommodated - within on a unit cell, implying the
requirement of a large integrating capacitor. Thisis a problem in the present large IR FPA
system. A current-mode background suppression circuit structure is proposed to solve this
problem. This results in higher dynamic range and better readout performance.

The off-FPA shared integration cell with the proposed current-mode background
suppression circuit is shown in Fig. 3.4. The device parameters of the current-mode
background suppression circuit are given in Table 3.2. The switched current from the unit cell
is mirrored, through a cascode structure. The use of cascode current mirror can reduce the
effect of different input voltages across the non-uniform parasitic bus capacitance Cy,s and
increase current-mirror performance. After the cascode current mirror, the amplified current
from the cell is subtracted by a dc tunable current before integrated in the capacitor Cjy. Thus,
the current-mode background suppression is achieved. To generate the dc current, the
threshold-voltage compensated current source, composed of M, M¢,, M3, is used. The drain

33



current Iy;.; flow in device M, can be expressed as

2
IMcl = KMcl [Vtune +VthM02 _VthMcl + |I<M—02] (3.1)

Mc2

where K, (K,.,) is transconductance parameter of the MOS device M. (M), Vth,,,
(Vth,,,) is the threshold voltage of M. (Mc2), |, is the biasing current controlled by

device M3, and V, . is a tunable dc bias. As seen from (3.1), this current source can

generate a dc current nearly independent of MOS threshold voltages with small biasing

current l,,, and large transimpedance parameter K,,,. Thus the pedestal removal of IR

FPA readout with good immunity over threshold-voltage non-uniformity, that is, low spatial
noise, can be achieved. The resultant input referred spatial noise is relatively small and the

threshold-voltage uniformity requirementscan<be released. The suppression current is also

adjustable through the voltage V.-

A no-reset-to-zero circuit realized by M;;, My, and M3, is used to maintain the saturation

working region of the suppression current source device M. In the reset phase, the

integration node is reset to V,, —V,, 1nstead of zero to maintain the saturation drain

voltage Vgsat Of the device M. If the device M, is turned off in reset phase, it will need some
recover time to turn on when the next row is switched in. This leads to the signal integration
error.

Although this current mode background suppression circuit consumes additional power
due to the DC current source, it is still acceptable in the case of the readout structure, where
only one-dimensional background suppression current sources are needed. For example, in a
16x16 array readout system, only 16 suppression current sources are needed. In the BGMI
circuit, the off-FPA shared integration capacitor can be large without the pixel-size limitation
to increase the storage capacity. The integrated signal voltage with background suppression is
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sampled serially to the common output stage through P-type source follower as buffer.

3.1.3 Double Delta Sampling (DDS) Circuit

In the original DDS circuit is shown in Fig. 2.9, both the effects of clock feedthrough
and channel charge injection resulted from the sampling operation of MS and MR controlled
by the signals of SHS and SHR will degrade the performance of signal readout. In the
improved DDS circuit is shown in Fig. 3.5, the effect of signal-dependent channel charge
injection caused by MS and MR during the falling edges of SHS and SHR is reduced by using
CMOS switches instead of NMOS switches. Moreover, the equalization switch Mvce
controlled by Vce is also changed to CMOS switch in order to increase the range of sampling
voltage. The device parameters of double delta sampling (DDS) circuit are given in Table 3.3.
The column sampling circuit is used.in each column whereas the output CDS circuit is shared
by all the columns. In the column sampling circuit as shown in Fig. 3.5, the CMOS devices of
MS and MR controlled by the signals ef SHS-and SHR, respectively, are sampling switches
whereas Mvce controlled by Vce is the equalization switch. The signals generated by the
integration of photocurrent and the reset signal transferred through the source follower
Mp5/Mpb6 are sampled by the two CMOS devices of MS and MR, respectively.

The signals after the sampling are held at the nodes of A and B until they are readout to
the output CDS circuit when the column switches Mn3 and Mn5 are on. Since the column
readout sampling is performed simultaneously in each column and the sampled column
signals are readout to the output CDS circuit successively, the signal from the last column is
held for the longest time. The held signal voltages at the last column will be decreased by the
leakage currents at the nodes of A and B. An extra capacitor of 0.12 pF is added to the nodes
of A and B to avoid the held voltage level from decreasing lower than 1 LSB of the output
analog-to-digital converter. The extra capacitor of 0.12 pF is determined by the leakage
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current Ije, at the nodes of A and B, the gain Gpga of the programmable gain amplifier (PGA)
before the A/D converter, the node capacitances at the nodes of A and B Cyqq, and the
integration time of photocurrent Tj,. The equation can be represented as [30]

(Chola +0.12 pF) V158 = Gpga (Licak X Tint) (3.2)
The values of Cpoq and Ik are determined from the process parameter.

The photosignal (reset) voltage is sampled to the gate of Mn4(Mno6) of the second source
follower composed of Mn4, Mn3, and Mn7(Mn6, Mn5, and Mn8) and sent out to the output
CDS circuit through the column select switches Mn3(Mn5). The second source follower is
composed of NMOS devices because PMOS devices are used in the first source follower.
Thus the voltage dynamic range at the output of the second source follower is not reduced by
the level shifting of threshold voltage. The dynamic range of the output voltage is almost
equal to that of the voltage at thetintegrating capacitor although two types of the source
follower are used in the design_of column readeut circuit. The equalization of both
photosignal path and reset signal-pathicontrolled by Vce is performed after the readout of the
held voltage. The equalized voltage‘at the two.nodes of A and B is then readout to the output
CDS circuit.

In the output CDS circuit, the NMOS devices Mn9(Mn10) controlled by the signal
Clamp is to clamp the voltage at the gate of Mp7(Mp9) in the output source follower Mp7 and
Mp8 (Mp9 and Mpl10) to VbS. The capacitor of 0.5 pF is used to perform the operation of

correlated double sampling (CDS).

3.3 CHIP OPERATION

The control signals of the readout circuit come from the digital circuits. There are two

major parts of digital circuits which are counters and decoders. The 1-stage counter is
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composed by two latches as shown in Fig 3.6. The switches are controlled by CLK and

CLK . The counter produces a clock signal that is twice period of the input clock. In the work,
an 8-stage counter is used as shown in Fig 3.7. The decoders are composed by NAND gate
and inverters as shown in Fig 3.8. The decoders produce the control signals which control the
selection of the row and the column. The input signals come from the 8-stage counter. The
output of the first 4-stage counter are the input of the column select logic and the output of the
second 4-stage counter are the input of the row select logic. By this arrangement, the row
select logic is 16 times the period of the column select logic.

The major operational timing diagram is shown in Fig. 3.9. Firstly, the row select signal

Rsel#1 is high and the Reset control signal is high to reset the voltage at the integrating

capacitor to V, — V- Then the control signal of SHR is on to sample the reset signal in

the output of the first source follower MpS5/Mp6 to'the node B of Fig. 3.5 as VR. After the
reset operation, the photocurrents of all pixels-in the Row#1 are integrated at the gate of Mp5
of Fig. 3.5 during the integration time..Then the control signal of SHS is on to sample the
photo-signal in the output of the first source follower to the node A of Fig. 3.5 as VS. After
that, the Reset control signal is on again till Rsel#2 is high. Then the operation above is
repeated to sample the reset signal and photo-signal of Row#2. The duration of reset time is
kept long enough to eliminate the amount of residual charges due to incomplete reset. That is,
the amount of KTC noise generated by the trapping of the switch thermal noise in the
integration-reset function on the integration capacitor of Fig. 3.4 is the same in VS and VR if
the settling time of the voltage on the integration capacitor of Fig. 3.4 during the reset
operation is shorter than the reset time [31]. Thus the KTC noise due to the reset operation
can be reduced by the CDS operation.

The clamp signal in the output CDS circuit is then turned on to clamp the gate voltages

of Mp7 and Mp9 to Vb5. Then, Csel is on to transfer the signal from the column sampling
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circuit to the output CDS circuit. Finally, Clamp is off and Vce is on, the voltage at both
nodes of A and B of Fig. 3.5 becomes (VS+VR)/2. If no loss in the stored charges of the
capacitor, then the voltage change at the capacitor of 0.5 pF is transferred to the output node
of the output source follower composed of Mp7 and Mp8(Mp9 and Mp10) as shown in Fig.

3.5. Thus we have [29]

Vout_s = %_VS + Vb5 + Ve + Veanr (3.3)
Vout r= VS_% +Vb5+ ch,Mvce + VSG,MP9 (3.4)

where V...

is the effect of clock feedthrough on the node of A and B of Fig. 3.5 when the

MOSFET of Mvce is on and Vg 7 (Vs ) 18 the voltage drop between source and gate of

Mp7(Mp9). As may be seen from (3.3) and (3.4), the CDS operation is realized in the output
CDS circuit. The fixed pattern noise in thesNMOS source follower of column sampling circuit
can be reduced by this CDS operation. The two output'signals are sent out and subtracted each
other by the subtraction circuit in“the off-chip‘data acquisition (DAQ) card. Thus the complete
operation of the double delta sampling circuit is realized. The fixed pattern noise caused in the
PMOS source follower composed of Mp5 and Mp6 in Fig. 3.5 can be reduced by the
subtraction in DAQ card. The effect of clock feedthrough by switching the signal of Vce to
equalize the voltages at the two nodes of A and B can also be reduced from the subtraction.

The final result after the subtraction of DAQ card can be written as [29]

Vout_r—Vout_s=VS—VR + V0 = Vagpr (3.5)

By enlarging the size of the output source follower, the mismatch of V,, can be reduced.

3.4 SIMULATION RESULTS

The simulations are performed at 77K based on the SPICE low-temperature device
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parameters of TSMC 0.35 pm 2P4M N-well CMOS process. The simulation result of the
integration voltage Vint waveforms on integration capacitor with different input current is
shown in Fig. 3.10. The input current signals are from 0.1 pA to 10 pA, the integration
capacitance is 3.5 pF, and the background suppression current is 0.1 pA. As shown in Fig.
3.10, the charging rate is proportional to the input current. The 0.1 pA current is not
integrated by the integration capacitor because of background suppression. The simulation
result of the voltage difference between Vout r and Vout s of the output CDS circuit with
different input current is shown in Fig. 3.11. The voltage to photocurrent resolution
(voltage/photocurrent) is 0.1 mV/nA. The simulation result of 16x16 pixel array readout
circuit with different input current flowing into every pixel is shown in Fig. 3.12. The
simulation readout speed can reach 1.25 MHz under 30 mW power dissipation at a 30 pF
output loading and 3.3 V power supply with 16x16 format. The readout speed is defined as
the reciprocal of the pixel processing time (1/F,ixe1): The integration time of the readout chip
is tunable. It can be controlled by theiclock frequency of the digital control signal. When the
integration time is different, the detecting photo current range will be changed at the same
time. The linearity of the readout circuit is greater than 99% and the maximum output swing
is equal to 1 V as shown in Fig. 3.13. The frame rate of the 16x16 readout circuit is 4880
frames/sec. The simulated performances and operation conditions of the readout chip are

summarized in Table 3.4.
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Table 3.1

The device parameters of the unit-cell BGMI input stage.

Device W/L (um/um)
Msl Mul 1.5/1
Ms2 Mu2 2/1
Ms3  Mu3 0.8/1

Mbu 2/4

Mi1 0.4/6
Mil 0.8/6

Mrsel 1/0.35

Vbl 2V

Vcom 1.8V

Table 3.2 The device parameters of the cutrent-mode background suppression circuit.

Device W/L (um/um)
Mpl 2.4/6
Mp2 2.4/6 M=3
Mp3 9.6/6
Mp4 9.6/6 M=3
Mnl 0.8/6
Mn2 3.2/6

Mcl Mc2 0.4/6
Mc3 1.2/6
Mrl Mr2 Mr3 1/0.35
Vb2 2V
Vrl 3V
Cint 3.5 pF
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Table 3.3 The device parameters of double delta sampling (DDS) circuit.

Device W/L (um/um)
Mp6 1/0.35
Mp5 3/0.35

MSn MSp 1/0.35
MRn MRp 1/0.35
Mvcen Mvcep 1/0.35
Mn4 Mn6 2/0.35
Mn3 Mn5 1/0.35
Mn7 Mn8 1/0.35
Mn9 Mnl0 1/0.35
Mp8 Mpl0 4/0.35 M=5
Mp7 Mp9 4/0.35
Vb3 2V
Vb4 09V
Vb5 09V
Vb6 2V
Cl C2 0.12 pF
C3 C4 0.5 pF

41



Table 3.4 The simulated performances and operation conditions of the readout chip.

Technology 0.35 £ m 2P4M N-well CMOS
Power Supply 33V
Operating Temperature 77K
Input Current 0.1uA~10pA
Background Suppression Current 0.1uA
Array Size 16x 16
Pixel Pitch 80 x 80 1z m?
Maximum Output Swing 1V
Maximum Readout Speed 1.25 MHz
Frame Rate 4880 frames / sec
Linearity 99%
Power Dissipation 30 mW
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with input current from 0.1 pA to 10 pA and background suppression current 0.1 pA.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 LAYOUT DESCRIPTIONS

An experimental chip has been designed and fabricated to verify the function and
performance of the 16x16 readout circuit by using TSMC 0.35um 2P4M N-well CMOS
technology. The layout of the 16x16 readout chip is shown in Fig 4.1. The total chip size is
2.1 mm x 2.2 mm. It is composed of analog signal processing circuits and digital clock
control circuits. The IR detectors are connected'to the readout chip through every pad in each
pixel of 16x16 unit cells. The difference between common voltage Vcom and IR detector
substrate bias voltage determines’the bias condition of detector. There is an optimum voltage
Vcom to achieve the largest integrated ‘capacity while keeping the amplifier operated properly.
The 16 shared integration capacitor stages and DDS circuits are placed at the top of the chip.
The row decoder and the row counter at the left of the chip are used to generate the control
signals for analog circuits the same as the column decoder and the column counter at the top
of the chip.

Because of the mixed mode property of this readout chip, some layout techniques are
used. A good shielding between digital part and analog part is required to avoid substrate
noise coupling. The isolated substrate biases are used to avoid the noise coupling effect from
the digital power supply to the substrate. Separated substrate biases DVsub and AVsub for
digital and analog part are used to avoid the substrate coupling effect through the bias metal

line. In addition to this, analog power supply AVdd and digital power supply DVdd should be
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separated to avoid the digital noise of DVdd due to the dynamic switching current of logic

gates from coupling to the analog part.

4.2 TESTING ENVIRONMENT

The testing environment of the fabricated infrared readout chip is shown in Fig. 4.2. The
readout chip is placed in the vacuum chamber of the cooling system. The FT-IR spectrometer
is used to generate infrared light. The analog output card in the PC is used to provide voltages
to the readout chip as the power supplies. The function generator provides the clock signal to
the digital control circuit of the readout chip. The oscilloscope is used to record the output

waveforms of the readout chip.

4.3 EXPERIMENTAL RESULTS AND.DISCUSSIONS

The infrared readout chip is designed to.work under 3.3 V power supply. The chip is
packaged properly in a vacuum dewar and tested under an 77K environment with liquid
hydrogen as cooling source. Off-chip testing current sources are used to simulate the
photo-current of IR detectors and the experimental results is shown in Figs. 4.3-4.6. The
background suppression current is 0.1 pA. In Fig. 4.3, the Vout r, Vout s, and Vout r —
Vout_s waveforms of two frame cycle are measured with end-of-frame signal. The measured
Vout waveforms of the fabricated 16x16 readout chip on a single pixel Row#16 Col#16 with
the end-of-frame signal are shown in Fig. 4.4. The measured Vout waveforms of the
fabricated 16x16 readout chip under different photo current are shown in Fig. 4.5. Fig. 4.6
shows the measured output voltage Vout r — Vout s versus photo current from 0.1 pA to 10
pA. It is shown that the linearity performance of the readout chip is better than 95%. The
measured performances and operation conditions of the fabricated readout chip are
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summarized in Table 4.1. The maximum output swing is 0.97 V. The maximum readout speed
is 1.25 MHz and the frame rate is 4880 frames/sec. The total active chip power consumption
is below 30 mW at 77K.

The fabricated readout chip is also measured at 300K environment to compare with the
performance at 77K. The readout chip can still function well at 300K environment. Fig. 4.7
shows the measured output voltage Vout r— Vout s versus photo current. It is shown that the
linearity performance of the readout chip is better than 99% at 300K. But the maximum
output swing at 300K is 0.5 V which is lower than that at 77K. This is because the threshold
voltage of MOSFETs at 77K is about 1.2 V which is much higher than that at 300K. When
the circuit is operated at 300K temperature, the voltage drop of the NMOS source follower
Mn3 and Mn4 (Mn5 and Mn6) in Fig. 3.5 is not enough to compensate the voltage rise of the
PMOS source follower Mp5 and Mp6. It causes the limitation of the output swing at 300K.

One infrared photo detector-developed by.Academia Sinica is connected to a single pixel
of the readout chip for further measurement.as-shown in Fig. 4.8. Both readout chip and IR
photo detector are placed in the vacuum. chamber of the cooling system and tested under an
77K environment with liquid hydrogen as cooling source. The infrared light generated by the
FT-IR spectrometer illuminates the IR photo detector. Fig. 4.9 shows the measured output
voltage Vout r — Vout s versus different IR photo detector bias voltage at 77K. The dark
current is measured by covering both readout chip and IR photo detector in a dark
environment. Then the measured output voltages can be transferred to photo current values.
The measured photo current versus different IR photo detector bias voltage at 77K are shown
in Fig. 4.10 and Fig. 4.11. In Fig. 4.11, the photo current versus the detector bias is similar to
the detector characteristic compare with Fig. 1.1. It is shown that the readout chip can
successfully recognize the difference between lightsource current and dark current of the IR
photo detector. The measured photo current versus different IR photo detector bias voltage at
10K is shown in Fig. 4.12. It is shown that the readout chip can also successfully recognize
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the difference between lightsource current and dark current of the IR photo detector at 10K.
The photo current of the IR photo detector at 10K is smaller than that at 77K. Under the same
detector bias voltage, the photo current is about an order difference at 10K and 77K. The
uniformity of the readout chip with different current input is shown in Fig. 4.13. The
uniformity performance although limited by the current source data resolution, is expected to

be better than 99%.

52



Table 4.1

The measured performances and operation conditions of the readout chip.

Simulated Result | Measured Result | Measured Result
Technology 0.35 £ m 2P4M N-well CMOS
Power Supply 33V 33V 33V
Operating Temperature 77K 77K 10 K
Input Current 01uA~10uA | Ol uA~10pA | 0.1A~T0A
Background Suppression 0.1 4 A 0.1 1A 0.1 4 A
Current
Array Size 16 x 16 16 x 16 16 x 16
Pixel Pitch 80 x 80 pm? 80 x 80 y m? 80 x 80 1 m?
Maximum Output Swing 1V 097V 098V
Maximum Readout Speed 1.25 MHz 1.25 MHz 1.25 MHz
Frame Rate 4880 frames /sec | 4880 frames /sec | 4880 frames / sec
Linearity 99% 95% 95%
Power Dissipation 30 mW 30 mW 30 mW
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Fig. 4.1 The block diagram of the layout of the 16x16 readout chip.
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Fig. 4.2 The photograph of the fabricated 16x16 readout chip.
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Fig. 4.3 The testing environment of the fabricated infrared readout chip.
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Fig. 4.6 The measured Vout waveforms of the fabricated 16x16 readout chip at 77K under

different photo current : (a) 1 uA; (b) 2 uA; (c) 4 uA; (d) 6 uA; (e) 8 uA; (f) 10 uA.
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Fig. 4.8 The measured linearity of the 16x16 readout chip at 300K.
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Fig. 4.11 The measured photo current versus IR photo detector bias voltage at 77K.
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CHAPTER 5

A NEW ION SENSOR CHIP

5.1 INTRODUCTION

The ion sensor is of great importance in a wide range of industries. A miniature ion
sensor is of particular interest in the field of medical diagnostics for use on catheter tips or in
implantable devices [32]. Traditional ion sensors use a glass bulb electrode that is both fragile
and bulky. Solid-state ion sensors based on ion-sensitive field-effect transistors (ISFETs) have
been developed since the 1970s as a miniature;. robust alternative. However, they invariably
require the use of bulky, external¢circuitry in order to take readings.

In recent years, system-on-chip (SoC)-technology has been increasingly used to create
complex, integrated systems on a single' CMOS chip, for example, mobile phones and set-top
boxes. Combining sensors with more conventional SoC components will lead to a fully
integrated diagnostic system, which can take readings and provide analysis on a single chip.
The ion sensors, and ISFET-based sensors, in general, are good candidates for integration
with the CMOS process, as both are based on FETs.

Development of miniaturized devices that enable rapid and direct analysis of the specific
binding of small molecules to proteins could be of substantial importance to the discovery of
and screening for new drug molecules. Identification of organic molecules that bind
specifically to proteins is central to the discovery and development of new pharmaceuticals
and to chemical genetic approaches for elucidating complex pathways in biological systems.

Broadly representative of the importance of this concept for developing drugs to treat disease
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have been efforts focused on identifying inhibitors to protein tyrosine kinases [33].

Moreover, the field of sensor fusion has been receiving much attention recently, because
sensing capability has been shown to be improved by combining sensors [34]. Two of the
most useful tools that are available in chemical analysis are the detection of fluorescence from
a chemical reaction (for example, DNA chips), and the measurement of changes in the
concentration of ions (for example, ISFETs). If sensors could be built that could
simultaneously obtain information about fluorescence intensity and ion concentration in the
same sensing area, then highly sensitive and multi-functional chemical sensors would have
been realized. Moreover, it is easy to identify a suitable chemical reaction that could be used
to fabricate a sensing array.

In this chapter, a new ion sensor structure is proposed, and the test solution can direct
contact on the chip. It has been shown from both simulation and experimental results that the
proposed ion sensor structure can achieve!good readout performance. The circuit structure,
readout strategy, and circuit performance.of the new ion sensor structure are described in
Section 5.2. In Section 5.3, both simulation results and experimental results of the fabricated

ion sensor chip are presented. Finally, a summary is given in Section 5.4.

5.2 CIRCUIT DESIGN

The ion sensor chip in this work is designed for the test solution can direct contact on the
chip. Then the amplified signal of the charges in the test solution is readout by the circuit. The
circuit needs a sensor surface to drop the test solution for detecting concentration of ions as
shown in Fig. 5.1. The sensor surface can even detect the generated ions of an enzyme
reaction on it as shown in Fig. 5.2. Then a fast, accurate testing result is provided by the ion
sensor circuit.

To fabricate the sensor surface of the ion sensor chip, TSMC 0.18 g m 1P6M N-well
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CMOS process is used because it contains the process of Metal-Insulator-Metal (MIM)
capacitor. The MIM capacitor is composed of Metal5 and Metal6 (top metal) layers. A PAD
layer is open on the top metal of the MIM capacitor to form the sensor surface. Place the top
plane of the MIM capacitor in direct contact with the test solution. Hydrogen ions in the
solution are specifically adsorbed onto the sensor surface, causing a build up of charge that
varies with the ions of the solution. The charged surface creates an electrical double-layer
capacitance at the surface-solution interface across which the surface potential appears.

The architecture of the ion sensor chip is shown in Fig. 5.3. The sensor surface is formed
by a 1 mm x 1 mm MIM capacitor which is equal to a 1 nF capacitor. There are three
capacitors which are 1 pF, 5 pF, and 10 pF providing different amplification factor. And it can
be chosen by the switches behind every capacitor. In order to achieve stable and accurate
signal amplification, the operational amplifier of the ion sensor circuit should be high gain
and high phase margin. A telescopic.operational amplifier with single-ended output is used to
achieve the goal as shown in Fig.-5.4.:Besides high gain and high phase margin, the telescopic
operational amplifier also has high ‘speed, low-power dissipation, and low noise. The device
parameters of the telescopic operational amplifier are given in Table 5.1. The bias circuit of
the telescopic operational amplifier is shown in Fig. 5.5. The device parameters of the bias
circuit are given in Table 5.2.

As shown in Fig. 5.3, the op amp is connected as negative feedback type with a switch
between the negative input and output of the op amp. The switch is used to perform signal
sampling and reset, and is composed of complementary switches to reduce charge injection.
When the switch is off, the charges of ions on the sensor surface is amplified by the ion
sensor circuit. The amplification factor is decided by the capacitor C,. Then the readout
operation is achieved. When the switch is on, V is reset to the common mode voltage of the
op amp. The circuit operation of the ion sensor chip is similar to switched-capacitor circuits.
The voltage gain of the circuit is
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Vout = C, 5.1)
Vin  C, ‘

As seen from (5.1), the charge on C; must be transferred to C,, producing an output

voltage equal to V;,C, / C,. Thus, the circuit amplifies Vi, by a factor of C; / C,.

5.3 SIMULATION AND EXPERIMENTAL RESULTS

The SPICE simulation results of the telescopic operational amplifier are shown in Fig.
5.6 where the device parameters of 0.18 m 1P6M N-well CMOS technology are used. The
gain of the telescopic operational amplifier is 79 dB, the phase margin is 78 degree, and the
unit gain bandwidth is 41 MHz. The simulation result of slew rate is shown in Fig. 5.7. The
slew rate of the telescopic operational amplifier is 4.1 V/us. The simulated performances of
the telescopic operational amplifietare summarized in Table 5.3.

The simulation result of whole ion sensor circuit is shown in Fig. 5.8. A pulse voltage
Vin inputs to the circuit when the switch is-off, then Vi, is amplified by the circuit. The
amplification factor is changeable accerding to which capacitor C, is chosen. The output
voltage Vo, changes from the common mode voltage of the op amp to a steady voltage. Then

the voltage gain can be calculated by

1V —Vout

Av = 5.2
‘ Vin (5-2)

where the common mode voltage of the op amp is 1 V. The simulation results of positive and
negative input voltages are shown in Table 5.4 and Table 5.5. The voltage gain of different C,
1 pF, 5 pF, and 10 pF are 60 dB, 46 dB, and 40 dB, respectively. The detectable range of
input voltage is also increased by switching different Cs.

An experimental ion sensor chip has been designed and fabricated to verify the function
and performance. The layout of the ion sensor chip is shown in Fig. 5.9. The total chip size is

[.5mmx .5 mm. A 1 mm x 1 mm MIM capacitor is used for sensor surface, and is equal to
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a 1 nF capacitor. The test solution can direct contact on the sensor surface of the chip. When
the chip is measured with the test solution, only the sensor surface of the ion sensor chip
exposes to the test solution. The bond pads and the bond wires of the ion sensor chip will be
blocked in order to prevent short issue.

In case the measurement will repeat on the same ion sensor chip with different input Vi,
the chip should be reset to initial condition every time. If the sensor surface has the residue of
the last test solution, the output Vs may need to be calibrated before the next measurement.
Before the next measurement, the latest value of output voltage V,, should be recorded as the
offset voltage value. Then the next measurement continues. The variation between two
measurements Vout is the final value which is caused by the new test solution.

The photograph of the ion sensor chip fabricated in 0.18 g m 1P6M N-well CMOS
technology is shown in Fig. 5.10. Fhis chip is designed to work under 1.8 V power supply.
Off-chip testing voltage sources are used as the-input voltages and the experimental results are
shown in Figs. 5.11-5.14. The measured Vo-Waveforms of the ion sensor chip under different
input voltages Vi, with different C,"10.pF, 5 pF; and 1 pF are shown in Fig. 5.11, Fig. 5.12,
and Fig. 5.13, respectively. The corresponding voltage gain Av under different C, 10 pF, 5 pF,
and 1 pF are shown in Fig. 5.14. The measurement result is affected by two reasons. Because
the 1 mm x 1 mm MIM capacitor is very large, the process may not so accurate. It could cause
some inaccuracy to the capacitor so that it may not just equal to 1 nF so well. The larger
amplification factor is chosen, the effect is more obvious. The charge injection is another
effect factor. Although the complementary switch is used, it still can not eliminate the charge
injection completely. The charge injection causes the decrease of the voltage gain. The effect

is also more obvious when the amplification factor is large.

5.4 SUMMARY
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In this chapter, a new ion sensor chip is proposed, analyzed, and experimentally verified.
In the ion sensor circuit, the 1 mm x 1 mm MIM capacitor for sensor surface, the telescopic
operational amplifier for stable and accurate signal amplification, and the different capacitors
for changing voltage gain and increasing the detectable range. The ion sensor chip achieves
good readout performance, good charge sensitivity, and high detectable range. The inherent
advantages of the sensor surface and low power make it suitable for the ion detection of
biological reactions. For example, the enzyme reaction can direct contact on the sensor
surface to detect the generated ions as shown in Fig. 5.15. The function and performance of
the ion sensor chip has been verified by HSPICE simulation and the measurement on an

experimental chip.
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Table 5.1

The device parameters of the telescopic operational amplifier.

Device W/L (um/um)
MO Ml 2/3  M=3
M2 M3 /3  M=3
M4 M5 42 M=10
M6 M7 3/6  M=3

M8 /1.5 M=3

Table 5.2 The device parameters of the bias circuit.

Device W/L (um/um)
M32 M33 1/3
M34 M35 1/3
M38 M39 1/1.5
M41 M42 1/1.5

M44 1/0.75  M=6
M45 M46 1/1.5
M48 M49 1/1.5

R11 50KQ2

R12 102 K2

R13 1550 KQ
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Table 5.3 The simulated performances of the telescopic operational amplifier.

Technology 0.18 um 1P6M N-well CMOS
Power Supply 1.8V
DC Gain 79 dB
Phase Margin 78 degree
Unit Gain Frequency 41 MHz
3dB Frequency 7 KHz
Slew Rate 4.1 V/us
Power Dissipation 22.5 uW

Table 5.4 The simulated voltage gain-of the ion sensor chip with positive input voltages Vi,.

C2=1pF C2=5pF C2=10pF
Vin Vout Av Vin Vout Av Vin Vout Av
10uV | 989mV | 60.7 50uV | 989mV | 46.7 IlmV | 898mV | 402
20uV [ 999mV | 604 100uV | 979 mV | 464 12mV | 877mV | 40.2
30uV | 969 mV | 60.3 300uV | 938mV | 46.3 14mV | 857mV | 40.2
40uV | 959 mV | 60.2 500uV | 898 mV | 46.2 1.6mV | 837mV | 40.2
50uV | 947mV | 60.5 800uV | 837mV | 462 2mV | 7197mV | 40.2
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Table 5.5 The simulated voltage gain of the ion sensor chip with negative input voltages Vi,.

C2=1pF C2=5pF C2=10pF
Vin Vout Av Vin Vout Av Vin Vout Av
-10uVv | 1010mV | 60 -50uV | 1010mV | 46 -600uV | 1061 mV | 40.1
20uV | 1020mV | 60 -100uV | 1020mV | 46 -800uV | 1082mV | 40.2
-30uV | 1030mV | 60 -300uV | 1061 mV | 46.2 -lmV | 1102mV | 40.1
-40uV | 1040mV | 60 -500uV | 1102mV | 462 -12mV | 1122mV | 40.1
-50uV | 1049mV | 60 -700uV | 1142mV | 46.1 -14mV | 1143mV | 40.1
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Fig. 5.1 The test solution on the sensor surface for detecting concentration of ions.
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Fig. 5.2 The enzyme (imidase) reaction on the sensor surface for detecting the

generated ions.
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Fig. 5.4 The schematic of the telescopic operational amplifier.
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Fig. 5.9 The block diagram of the layout of the ion sensor chip.
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Fig. 5.10 The photograph of the fabricated ion sensor chip.
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Fig. 5.11 The measured Vo, waveforms of the ion sensor chip with C, = 10 pF under

different input voltages Vi, : (a) 1 mV; (b) 2 mV; (¢) 3 mV; (d) 4 mV; (e) 5 mV; (f) 6 mV.
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Fig. 5.12 The measured V, waveforms of the ion sensor chip with C, = 5 pF under

different input voltages Vi, : (a) 400 uV; (b) 1 mV; (c) 1.4 mV; (d) 2 mV; (e) 3 mV; (f) 4 mV.
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Fig. 5.13 The measured V, waveforms of the ion sensor chip with C, =1 pF under

different input voltages Vi, : (a) 600 uV; (b) 800 uV; (c¢) 1 mV; (d) 1.4 mV; (e) 1.8 mV;

()22 mV.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 CONCLUSIONS

In this thesis, a CMOS readout circuit for InAs/GaAs quantum-dot infrared detector
array is designed, analyzed, and experimentally verified. By using the buffered gate
modulation input (BGMI) circuit with current-mode background suppression and other
associated design techniques, good _injection -efficiency, stable detector bias, good
threshold-voltage immunity, high ¢harge detection sensitivity, and large dynamic range can be
achieved. It can handle a larger background range with adaptive gain control and the readout
dynamic range is enlarged by the current-mode background suppression. The double delta
sampling (DDS) circuit is used to suppress fixed pattern noise, clock feedthrough noise, and
channel charge injection. An experimental 16x16 readout chip has been designed and
fabricated to verify the function and performance by using 0.35 um 2P4M N-well CMOS
technology. The layout arrangement of the 1x16 shared integration capacitor stage and DDS
circuit are placed at the top of the chip to achieve a no-dead-time data readout. Some noise
shielding techniques for mixed-mode IC are used in the readout chip, such as the separation of
the analog and digital power, the different analog and digital ground, and the independent
substrate bias line.

This 16x16 readout chip is designed to work under 3.3 V power supply and 77K
environment. The chip is packaged properly in a vacuum dewar and tested under cryogenic

environment with liquid hydrogen as cooling source. Off-chip testing current sources are used
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to simulate the photo-current of IR detectors. It is shown that the linearity performance of the
readout chip is better than 95% and the maximum output swing is 1V. The maximum readout
speed is 1.25 MHz. The frame rate is 4880 frames/sec. The total active chip power is below
30 mW at 77K. The good readout performance and adaptive gain control make the readout
chip suitable for the IR FPA readout application with large background level range. The
function and performance of the readout circuit has been verified by HSPICE simulation and

the measurement on a 16x16 format experimental chip.

6.2 FUTURE WORK

In the future, the performance of thermal imaging systems with cooled or uncooled FPA
technologies will be further enhanged by the development of new detection methodologies
and signal processing techniques. Moreover, the concept of military and commercial dual-use
technology in IR imaging systems will_lead_to the cost-driven and application-oriented
development. Some advanced development directions on IR imaging systems such as on-chip
A/D conversion, optical link, background suppression, and smart-FPA concept are future
directions.

In this thesis, cryogenic CMOS readout techniques for infrared detector array of IR
imaging systems are proposed and analyzed. All the structures and technologies discussed
above have their uniqueness and features for different applications. Due to the development of
commercial uncooled IR imaging systems and the fast advancement of submicron CMOS
technologies, high-performance and low-cost IR imaging system will be developed through
the inventions of new circuit techniques and structure. Moreover, the emerging technologies
of CMOS visible-light imaging systems will share the advantages of the developed IR
imaging systems due to their similarities. Both will be driven by rapid development and wide
applications of multimedia systems. Thus the proposed cryogenic CMOS readout structure
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can be further modified and designed as new techniques for the room temperature application.
With innovative development of readout circuit, a new generation of CMOS imaging systems

1s highly expected.
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