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Outline

• Market and clinical challenges for digital radiography

• Passive pixel amorphous silicon imaging arrays

• Active pixel amorphous silicon imaging arrays• Active pixel amorphous silicon imaging arrays

• Active pixel LTPS imaging arrays

• Silicon-on-glass circuits for future active pixel imaging 
arrays
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DR: “Digital” Radiography

DR: 1 step acquisition with electrical “scanning”

“Flat panel” and CCD based technology (introduced ~1995)
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(Courtesy Imaging Dynamics Corp.)

Two-Dimensional Projection Radiography

• Still most common exam

• >1.5 x 109 exams per year

• Chest imaging most common

Procedural Volume Trends

2,000

2,500

Nuc Med

• Chest imaging most common

5

-

500

1,000

1,500

2,000

2001 2002 2003 2004 2005 2006 2007 2008

P
ro

c
e
d

u
re

s
 (

M
s
)

Nuc Med

ULtrasound

MR

CT

Digital X-ray

Analog x-ray

The Market Outlook for DR: Rapid Growth

World’s Population is Aging

19991999 20502050

• An aging population:
• By 2050, over 25% of the population in North America, Europe, China 

and Australia will be over 60

6Source: WHO, World Bank

and Australia will be over 60
• For every 1 time a 20-year-old visits a doctor …

…a 60-year-old visits a doctor 26 times

• Rising incomes in Asia and Latin America will accelerate demand 
• Emerging economies could go direct to digital

• Cost must be low – significant market opportunity



Anatomical Noise

3-Dim 2-Dim
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• 3 dim. structure projected into 2 dim.
• Overlapping structures obscure clinical details

• Anatomical structure noise > x10 detector noise

Anatomical Noise in Projection Radiography
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Tissue Discrimination: Dual-Energy Imaging
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Dual-Energy Increases Conspicuity of Subtle lesions

11(Courtesy: JM Sabol, GE Healthcare and RC Gilkeson, Dept. Radiology Case Western Univ.)

Spatial Discrimination: Tomosynthesis

Utilizes parallax relative motions between shots
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16-degree tube angle, 61 projection images, 5 mm slice spacing
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Chest Tomosynthesis Clinical Example
15 mm hilar nodule not visible in projection image
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15 mm nodule

(Courtesy:  James Dobbins, PhD, Duke University Medical Center)

Flat-panel “Cone Beam” CT
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Detector

CBCT Spatial Discrimination

• Isotropic resolution
• Patient dose << CT
• Some soft tissue vis.• Some soft tissue vis.
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Pre-Op.

CBCT Image Guidance

Intra-Post Op.
Evaluation
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( D. A. Jaffray and J. H. Siewerdsen, Princess Margaret Hospital , University of Toronto )

Evaluation

Needle

PMMA

Advanced Imaging Modality Requirements

Dual Energy Tomo-Synthesis Cone-beam CT
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Detector
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Number of 
images

2

Total dose 1X

Dose per image 50%

Frame rate ~5 fps

Number of 
images

~20 -100

Total dose 1X-5X

Dose per image 10%

Frame rate ~5-30fps

Number of 
images

100’s

Total dose 1X - 10X+

Dose per image 1 % – 5 %

Frame rate ~30 fps

Key Vectors for Radiographic Detector Development

• 2-D Projection Radiography
o Cost (on-glass electronics, digital lithography & fab-less design)
o Robustness & weight (robust plastic/metal substrates)

• Advanced Applications (Dual energy and 3D modalities)
o Improved sensitivity (SNR) at low exposure (“smart” pixels)
o Improved spatial resolution (improved x-ray converters)
o High frame-rate readout (on-glass electronics)

Flexible Substrate
Active Pixel Design

18(Courtesy Dr. T.Jackson PennState)

On-glass Shift Register

1 mm



Outline

• Market and clinical challenges for digital radiography

• Passive pixel amorphous silicon imaging arrays

• Active pixel amorphous silicon imaging arrays• Active pixel amorphous silicon imaging arrays

• Active pixel LTPS imaging arrays

• Silicon-on-glass circuits for future active pixel imaging 
arrays
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DR X-ray Detection

Indirect Systems Direct System
X-ray
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Signal and Noise vs. Exposure
Projection Radiography: Chest
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Maximum
Exposure

30 mR

Typ. Entrance
Exposure

7.2 mR

Lungs
0.29 mR

Heart
0.12 mR

Photosensors for Indirect Radiographic Detectors
a-Si:H PIN Photodiodes

ITO

Al bias line

30 nm P+ a-Si

nitride

30 nm P+ a-Si

500 nm i a-Si

50 nm N+ a-Si
Mo electrode

+-
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Advantages
• High quantum efficiency
• Low dark current
• Operated steady-state (no transient)
Disadvantages
• P+ not widely available – requires 

special process capability

Quantum Efficiency

• 85% quantum efficiency in green

• QE drops in blue due to absorption in P+

• QE in red decreases due to band edge

Photodiode characteristics
10 mm to 1 mm photodiode dimensions
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Amorphous silicon TFT characteristics

109 on-off ratio

• Critical for radiographic imaging 
due to wide exposure range in 
radiograpic imagesradiograpic images

• Low on-resistance required for 
rapid charge transfer from diode

• Leakage current < 1 fA at VDS = 
3V required for low smear and 
low charge loss

However, 

24

However, 

• Low leakage TFT’s are not a 
standard process at display 
fabrication lines

• Requires special TFT 
development and process



Cross-section of Vertically Integrated DR Array

316 nm

M5 : Bias electrode

M2 : Data electrode (MoW)

M3 : Mushroom electrode (MoW)

M4 : Top electrode (IZO)

2nd passi : SiN x

p-i-n

1st passivation

158 nm

487 nm

130 nm

125 nm

316 nm

395 nm

130 nm

Active : 
a-Si:H
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M1 : Gate electrode (MoW)

Gate insulator : SiN x

145 nm

388 nm
a-Si:H

Glass

a-Si:H PIN Photodiode in DR Array
Spectral Quantum Efficiency
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a-Si:H Imaging Array
Dark Current Density vs. Bias and Temperature
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Noise in a-Si:H Passive-Pixel Array
Dataline Thermal Noise Dominates

Data Line Thermal

Total Noise

• High M2 dataline resistance
• High M1-M2 overlap capacitance 

(500 nm nitride)

TFT Transient

TFT Shot

PD Shot

Data Line Thermal

Dataline thermal 
noise at 9,000 el 

dominates
~ C*R1/2
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• Dataline is in Metal 2, gateline in 
metal 1 with 500 nm inter-layer 
dielectric

• Dataline thermal noise ~ C*R1/2

is the largest contributor with 
9,000 electrons noise

0 2000 4000 6000 8000 10000

Reset

TFT Transient

e-rms

Experimental a-Si Passive Pixel
Reduced dataline thermal noise

Dielectric

0.6 mm PIN diode

Dataline in low-
resistance Metal

• 2 mm thick BCB layer or thick nitride dielectric between TFT plane and photosensor 

Dielectric

TFT

2 mm BCB 
between TFT & 
photosensor

29

• 2 mm thick BCB layer or thick nitride dielectric between TFT plane and photosensor 
plane

• Planarization of topography
• Reduced overlap capacitance

• Dataline in metal 5
• 500 nm Al for low resistance
• 2,000 nm BCB + 400 nm nitride dielectric for reduced overlap capacitance

Experimental a-Si Passive Pixel
3X Noise Reduction in Passive a-Si Arrays

Data Line Thermal

Total Noise

4X DL noise reduction

3X overall noise reduction

Reset

TFT Shot

PD Shot

Data Line Thermal

New Design 
2 um BCB

New Design
500 nm Si02

Baseline
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0 2000 4000 6000 8000 10000

e - r ms

• ~40%  Reduction in CDL

• ~90%  Reduction in RDL

• 4X reduction in data line thermal noise
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Operation of 3T a–Si:H Active Pixel Sensor

1.Integration Mode
• Photogenerated carriers are 

stored by the internal 
capacitance of the sensor (CPIX).capacitance of the sensor (CPIX).

2.Readout Mode
• Gain current via AMP TFT is 

passed through READ TFT to 
external charge amplifier.

32

3.Reset Mode
• Signal charge stored in CPIX is 

released with the onset of the 
RESET TFT.

June 18, 2009 © Carestream Health Inc. — Confidential 32

Advanced a-Si:H arrays
3T Active-Pixel Design with 139mm Pixel
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• Advantages
o Noise Reduction : Dataline thermal noise reduced by charge gain of pixel amplifier (>5 X)
o Speed Increase: Reduction in dataline setting time due to active amplifier

• Disadvantages
o Yield: 9 X increase in transistor area and ~ 3 additional bias and clock lines
o Linearity: Smaller linear range of output vs. exposure
o Stability: TFT threshold voltage shift with aging – TFT is amplifier, not a switch

a-Si:H Shift Register for Active-Pixel Array
120 mm pitch  a-Si:H Shift Register
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Noise in Active-Pixel a-Si:H Arrays
3-Transistor Active-Pixel Architecture
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• Dataline thermal noise reduced 5 X by charge gain of pixel amplifier 

• External amplifier noise reduced 5 X by charge gain of pixel amplifier

• Largest remaining noise source is reset noise of the photodiode

• Threshold voltage instability in amplifier TFT a serious issue

• Still requires external read-out IC with charge integrating analog front-end
• High current from active pixel requires large capacitance on AFE – large die area

Limitations of a-Si APS
More complex process – lower yield

3T APS1T PPS

APS backplane requires larger area due to: Requires vertical 

36

• Higher transistor count
• Increased number of routing lines
• Larger amplifier TFT for higher gain
APS backplane has higher transistor density
• Lower yield
APS backplane uses a-Si TFT as analog circuit 

element, not as a switch
• Sensitive to parameter variation and shiftJune 18, 2009 © Carestream Health Inc. — Confidential 36

Requires vertical 
integration using high 
mask-count process

Requires high 
yield, stable 
backplane process



Limitations of a-Si APS
Impact of TFT Leakage

37June 18, 2009 © Carestream Health Inc. — Confidential 37

Limitations of a-Si APS
Stability of APS

Charge gain is a function of gm, which is in 
turn influenced by the threshold voltage of 
AMP TFT (VTH,AMP).

• Prolonged DC gate bias to AMP causes • Prolonged DC gate bias to AMP causes 
VTH,AMP to shift, resulting in degredation 
of the TFT transconductance

• Pixel gain self compensation helps 
mitigate the stress

– voltage drop across READ TFT 
provides a feedback loop for 

38June 18, 2009 © Carestream Health Inc. — Confidential 38

K. Karim et al., Mat. Res. Soc. Symp. Proc., vol. 715, p. A4.2.4, 2002.

provides a feedback loop for 
degradation in IAMP due to  VT,AMP

– VTH,AMP   IDS,AMP !  VDS,READ !  
VDS,AMP   IDS,AMP  (compensates 
the current drop)

– as a result, the pixel transconductance 
(GM) degradation is dampened 
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LTPS Imaging Array with Peripheral Circuits
PMOS 3T Active-Pixel with PMOS Peripheral Circuits

40

LTPS Flat-Panel Imager with Peripheral Circuits
PMOS Shift Register

41

Pixel of LTPS Imaging Array with a-Si:H PIN Photodiode
45-micron Pixel with 3-micron Design Rules

42

a-Si:H PIN Photodiode 

Thick dielectric isolation

LTPS TFT Backplane



Key Challenges for LTPS Imaging Arrays
Reset TFT Leakage Current Siphons Off Photo-charge

Photocurrent

TFT Leakage
Current

IDS(VDS, T)

43

IDS(VDS, T)

Net 
ChargeVDS

Sources of Leakage in LTPS Transistors

TFT Channel Leakage 
At Grain Boundaries

Gate Oxide Leakage at 
Grain Boundaries

44

• Surface topography at grain boundary 
edges causes gate oxide leakage

• Variable from TFT to TFT

• Generation current at grain 
boundaries results in TFT leakage

• Gate-to-drain field enhances leakage 
current, resulting in exponential 
increase in leakage with gate 
voltage, even band-band tunneling

• Variable from TFT to TFT

Key Challenges for LTPS Imaging Arrays 
Threshold Voltage Variability

Pixel Amplifier TFT

45
Current Mirror Column 
Amplifier TFT

Pattern Noise due to non-uniformity
61K electrons pattern noise; matches Monte Carlo simulation of DVT pattern noise

Uncorrected Image Corrected Image

Noise sources in Exposed Frame:

! Row-to-row

! FPN due to " VT in V-SR + noise
! Column-to-column

! FPN due to " VT in V-SR + noise

! Col-mirror  VT variation  FPN
! Pixel-to-pixel FPN

! Pixel-to-pixel PRNU

46

Pattern + electronic noise:
69,000 rms electron noise

Electronic noise
486 rms electron noise

! Pixel + readout electronic noise + kTC + 
shot + photon shot noise

Simulated pattern noise due to " VT
using Monte Carlo method: 
~ 61,340 rms electron noise 

Simulated electronic noise based on
measured imager gain 

~ 441 rms electron noise

Noise in LTPS Imaging Arrays
350 rms electrons after gain and offset correction

• Without offset and gain 
correction, fixed pattern noise 
caused by TFT threshold and 
mobility variation is dominant (> 
60,000 rms electrons)

• After offset and gain correction, 
fixed pattern noise is reduced 
below temporal noise

• Temporal noise is dominated by 
kTC noise of the a-Si PIN 
photodiode

• Total noise is 300 rms electrons : 
10 X lower than comparable a-

47

Si:H passive-pixel imaging arrays 
for DR

• However, any small temperature 
or operating voltage shift between 
the dark reference frames and the 
image can result in significant 
fixed pattern noise in the 
difference image

Outline
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48



SiOG

Comparison of Active-Pixel Backplane Technologies

SiOG

LTPS Electron mobility:  50-200 cm2 / V·s
Uniformity:  poor (random grains) 

E
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(ELA)

 c-Si

Oxide

p-Si 
(MICC)

p-Si 
(SPC)

SiOG
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Early 
Stage

Mature SiOG Electron mobility:  ~500 cm2 / V·s
Uniformity:  excellent (single crystal)

TFT performance 
Uniformity 

 c-Si a-Si

Silicon-on-Glass:  Bonding Process

Si Substrate
Si-H  Si + H2

Voltage

H

Ion Implantation

Si Substrate

Anodic Bonding Step

Heat

50

Clean and Pre-Bond to Glass

glass

Separate Si Substrate

SiOG

Thin and Clean

Silicon-on-Glass has Built-In Benefits

Single Crystal Silicon

Ion-Free Barrier Layer

Corning EAGLE XG™ Glass Substrate

Ion Accumulation Zone

Corning EAGLE XG™ Glass Substrate

SiO2 layer
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• High mobility, sharp sub-threshold slope and low leakage
• NMOS:  > 450 cm2 / (V·s)
• PMOS:  > 200 cm2 / (V·s)

• Uniformity:  Excellent (single crystal) for uniform transistor performance
• Built-in barrier layer protects backplane during processing with an ultra-

strong bond

SiOG island patterning

Deposition of Gate metal / SiO

Glass substrate

SiOG

Gate
SiO2

Fabrication Procedure of SiOG Backplane

Deposition of Gate metal / SiO2 

Gate pattern and ion doping

Glass substrate

Glass substrate

Gate
SiO2

B+ B+
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After Passivation layer (SiNX /SiO2)
Contact Hole
S/D Formation

Glass substrate

Gate
SiO2

Source Drain

PMOS NMOS

Characteristics of SiOG and LTPS Transistors
PMOS and NMOS
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PMOS ELA SiOG 

VT -2.2 V -0.7 V

S 0.53 V/dec 0.15 V/dec

 EFF 58.7 cm2/Vs 186.4 cm2/Vs

NMOS ELA SiOG 

VT 0.9 V 0.92 V

S 0.42 V/dec 0.27 V/dec

 EFF 162.4 cm2/Vs 264.1 cm2/Vs

Comparison of PMOS TFT’s
LTPS and SiOG

54



Comparison of PMOS TFT’s
LTPS and SiOG
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TFT Characteristics Comparison – Double gate TFT W/L = 4/5+5
Used for row-select and for reset transistor in active pixel arrays

LTPS ELA SiOG 50nm active
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TFT Leakage: Dopuble-gate LTPS and SiOG transistors
SiOG reset transistor has 100X lower leakage than LTPS

VGS ~ 5V  SiOG TFT 
has 2 orders of 
magnitude lower leakage

LTPS
L = 5mm+5mm
W = 4 mm
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SiOG

Comparison of NMOS TFT’s
LTPS and SiOG

SiOG TFTs ELA poly-Si TFTs

mfe
(cm2/Vs)

Vth (V)
S 

(mV/dec.)
Ioff (A) mfe (cm2/Vs) Vth (V)

S 
(mV/dec.)

Ioff (A)

Average 205 -0.84 130
3.4 x 
10-14 64 -2.27 400

1.2 x 
10-13

Standard 
3.86 0.06 5.6 – 4.38 0.19 80 –
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deviation
3.86 0.06 5.6 – 4.38 0.19 80 –

23 stage ring oscillator

Load =   15 mm/4mm
Drive = 150 mm/4mm

)(
1

PLHPHL
osc ttN

f
 !

"

Comparison of SiOG and LTPS Circuits
Ring Oscillators
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< VDD = 10 V >
fosc = 8.62 MHz

VHIGH  = 8.56 V

VLOW  = 7.38 V

Silicon-on-Glass: 5 ns delay
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10
< VDD = 10 V >
fosc = 1.47 MHz

VHIGH  = 8.61 V

VLOW  = 6.83 V

ELA Polysilicon: 29.6 ns delay
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The propagation delay of SiOG inverter is ~  5 X shorter than of ELA poly-Si inverter.

Start (n-1) CLK 1 CLK 3

4 / 4+4 um 4/ 4 +4 um

0.09 pF

4 / 4 um

16 / 4 um

Next
Input

T1 T3

T5 T7

P 10

12
<VDD = 9.9 V>

Comparison of SiOG and LTPS Circuits
4-Phase PMOS Shift Registers

Output 
(n)

4 / 4 +4 um

4 / 4 +4 um

4 / 4 um
4 / 4 um

VDD

T2
T4

T6 T8

VDD

O
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pu
t V
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 (

V
)

0

2

4

6

8
Because of parallel 

connected RLOAD

ELA SiOG

VHIGH 9.55 V 9.8 V

VLOW 0.25 V 0.3 V

tRISE 11  s 2.8 us

tFALL 6 us 1.4 us
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CLK3
CLK1

The response time of SiOG shift register is ~ 4 X faster than ELA poly-Si shift register.

Time (ms)
0.0 0.1 0.2 0.3 0.4 0.5 0.6

-2

0 Input signal
SiOG shift register
ELA poly-Si shift register



Summary
Directions for Radiographic Detector Development

• 2-D Projection Radiography

• Robustness, weight      Arrays on metal foil or plastic

• Cost Fabless model• Cost Fabless model

• Advanced Applications (Dual energy and Volumetric Imaging)

• Improved sensitivity Improved passive pixel designs
Active-pixel a-Si:H
Active-pixel LTPS or SiOG

61

• Improved resolution Structured phosphors or direct detection
Active-pixel LTPS or SiOG 

• High frame rate Active-pixel a-Si:H
Active-pixel LTPS or SiOG

Thank You!
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