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Talk Overview 

• A bit of history: gated-Ceo imaging (MCP, PFD, 
magnetic-diode shuttering and OE framing camera ) 

• Example of direct -detect systems 

• Rockwell (TSI) O,5-Mpx Hybrid Imager 

• Path to 2-Mpixel chip 

• Other CMOS work: 64-frame "MegCam", and 
solid-state Streak Camera 

• 3-D IC and sensor interconnect; 3-D vertical chip 
stacking 
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2002 pRAD Imager Requirements (2009) 
As met in 2004 Q 

• Number of frames/ views: 20 [3] 

• Shutter time: ] 80ns 

• Inter-frame time: 350 ns 

• Array Size: > I M pixel [05MpxJ 

• Dynamic Range: I I-bits 

• Well depth : 250k -to- 106 e-

• QE> 85% (at 41 Snm) 

• Optical Fill-Factor: > 900/( 

New Re<luirements 

(64-128) 

« 10 ns) 

(70 ns) 

(2 -4Mpx) 

( 12-bit) 

First pRAD Camera Implementation: 
Single-Frame Gated CCD 

Initially pRAD benefited from NTS PINEX program -
PINE X had a steady multi-year imager R&D 
development (by 1992 NTS was transitioning from 
VidiconlFPS- to CCO-based cameras) 

· ceo array size: 380x244, 512xS12 pixel (0.2SMpx) 

• Shutter time PINEX: sub- Ins (TRP), -20ns or none TIP 
~ pRAD needed lower noise, 300ns PFD gating system 
was developed 

• CCD issues at NTS: background stars, readout time ... 

• QE (Intensifier) > ] 5% (at 415nm) 
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Single-Frame Gated CCD 
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Attempt at Direct Proton Detection 

Lens-coupled radiographic 
imaging systems 
(especially EO-based) 
are complex, need fast 
rad-hard scintillators, 
and suffer from low 
light-collection 
efficienc y ~ DQE < I. 

Protons highly ionizing 
simple to detect 
directly, and should 
have DQE=l In 1997/91l LBNL Llbricatcd fo r LA! l. two 8x8 px 

prOal-of-principle Silicon detectors, and f:lst s igna l
processing e lectronics . Depletion layer 2,7u l11 deep 
un 300um thick n++ Si suhstrate. Pixels ( J mm)2 and 
(0.5mm)2 with wire bonds connect ions. 

Attempt at Direct Proton Detection 

• Si Detectors work well, but large fluctuations due to 
nuclear reactions; longer term - radiation damage. 
Other issueL : detector and interconnect capacitance, 
interconnect for small pixels - stack image plane, 
additional background plane, power dissipation, 
clocking, .. . 
(Thick -lOO!!m diamond or GaA detectors wI simple 
SF-ba ed electronics, may be viable) . 

• H2 ion-chamber, stack image-plane (multiple-cell) 

• Also a po sibility: secondary electron emission-, or 
Cherenkov detectors, ... 

4 



Proton Detection in Si pixel detector: 
Fluctuations in Pixel Response 

H~II1 S Z iCH.: k. et al.. '"Detector DI.:\'I..: lupnh:nt i"or Dyni.1mic Prolon Radiography' . LA-URAJ8 .. IOI5 

High-QE Indirect Optical Imaging 
Camera wI Electronic Shutter 

The two major problems of EO cameras - the 
complexity (resolution) and sensitivity (low QE 
and/or optical fill factor) - can be addressed with 
modem electronic Si technology. Industry (and to 
a degree the astronomers) have already invested 
big money ( ..... G$) to develop the technology and 
fabrication foundries. 
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Si Technology Options for 
Fast Shutter (-100 os) Optical Imager 

• Fa. t CCD's wi electronic shuttering, on-chip storage (Princeton, 
MlTfLL, Summit, Simadzu. Sarnoff, . . . ). Issues with radiation 
damage. extinction ratio asynchronous shutter, well depth, 
cost/chip yield, optical fill factor, pixel count, shutter speed, . . . ) 

• Monolithic CMOS APS 
- fill factor, low QE, shutter ratio, charge collection, .. . (PCO) 
- thinned hack - iIlLlminal~d !\P~ - near fulurL"1 

- CMOSCCD (Sarnoff, Fairchild) excellent noise fig , speed? 

• ~ Hybrid Imager: fu lly depleted photo-sensor + CMOS readout 
integrated chip (ROlC) 

Hybrid CMOS is still optimal approach, but interconnect and Si 
pixeUchip area limit number of frames 

Imager as Two-Component 
Hybrid Focal Plane Array (FPA) 

• Independent optimization of 
detector and readout Ie 

• - 100% optical fill factor 

I 
(2) CMOS Readout IC (ROIC): charge-

(1) Photo-Diode Pixel Array 
(photon-charge conversion) 

AR co.tdn!1 

to-voltage conversion, signal storage & _~ .. 
CIoIOS_1C 

processing, logic and AID conversion; .-_---..:===========-_----. 
SoC: photons-ta-bits Each pixe l in PD Sensor Array bump bonded 

(diu, - < I Opm) to corresponding pixel in ROlC 
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Silicon PD Array Has Advantages Over 
Monolithic CMOS or CCD' s 

• I oo~ Fill factor (back-side illuminated) 

• >95 0/, Peak QE (AR coating) 

• Good spatial response (fully depleted) 

• Low inter-frame cross-talk /good extinction ratio (storage node isolation) 

• Broad band sp lrum re pon e (deep junction) 
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Fast Hybrid Optical Imager 
Pixel Layout Issues 

• Imager operates in a burst mode, i.e. several frames stored 
in-pixel in analog form. 
Analog storage is area! space intensive: 

e.g. if MiM capacitors used (0.8 fF/Jlm2) then 
::::> 64 x 200 fF :::: 126 x 126 gffi2 min pixel size 

• Conflict: frame storage and light-collection efficiency. 
x-talk favor larger pixels ; whereas array pixel count, 
fab. Cost, size of optics, stray radiation ---+ smaller pixel 
pitch 

• Compromise: 26Jlffi pixels (cost, reticle size) 
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ROle Pixel layout, Metal Layer-4 

.. 

Charge storage capacitors 
_.:--~_~ (Metal-Insulator-Metal) 

26~lm pixel footprint aJlows 
3-frame storage, but 
22mm CMOS reticle limits 
the ROles size and array 
resolution to 720 x 720 px 

~ _____ To Bump bonding pad 

26 J.Ul1 f' ROCI<W~LL 
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Fast Hybrid Optical Imager 
Electronic-Circuit Challenges 

• SignalJcharge in all pixeL~ is acquired and integrated 
simultaneously (in < 200ns) 

• No multiplex, every pixel needs complete front -end + 
storage electronics (total number of FET transistors 
- 14 million - CMOS saves the day) 

• Instantaneous current delivery to Detector Array and to 
ROIC (low resistivity metal layers/ grids needed ), 
settling times important 
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ROle Pixel layout - Metal Layer 5 

~ 
~ Vdda routing with metal 5 (top metal) 

, 

I II I mil 
I Ii! 

Detector Bump pad 
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3-Frame Storage and Correlated Double 
Sampling (CDS) at Pixel Level 

CDS Ito Col '~m- 8urf 

\ \ 1 \ 
_ I ~_I -rT2T3 

TIl I 

RST1~ 10 
- - -- - -

SF frOnl-~nd - saturat ion determineJ by node capaci lance: Co 
Voltage droop all C I - C3 by FET leakage (sub-threshold) and quality of oxide 
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Pixel Design Provides Frame Storage and 
Correlated Double Sampling (CDS) Capabilities 

r - -- - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - --~ 
: S.1i1tpk< ·t 1~ : 

: ' 
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Snap shot storag 
circuitry wi th 
samp\ i ng/ storage 
and select switch 

, 
. --- - ------- - - ~ -- --- - - - - -- - --- - ------- -

SF fronl -end - ,muration depends on the node caracitance: C I 

System-on-Chip (SoC) Architecture Simplifies 
Camera IDte ration 

710 x 720 pIxel Jrr~) 

IH.72 , IK.n m m 

lma 

• Needs on ly external power, 
master cI ock and trigger 
signals (in bu rst mode); the 
hip s nds Ou l 12 bit digi tal 

video darn. 

• The imager requires dua l 
(3.3V and 2.5V) power 
supplies, "high vo llage" 
detector bias (-15V), and a 
fe w decoupli ng capacitors for 
the ADC intemal referenr.;es . 

• Readout timi ng and biasing are 
generated on-chi p and can be 
programmed through a serial 
inle rt-ace. 

-Reuse RSC ProcamHoe IP : column buffer, line driver, 
PGA, ADC, refgen, centrolloglc 
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200mm - Diameter Wafer 
with 48 CMOS ROIC Chips 

UMC Foundry O.25Jlm CMOS Technology, 
6 wafers delivered (another 6 held at M-l) 

First 720x726-Pixel Hybrid Chip 

• Packaged prototype is a single 
no x n opx FPA 

• 1440x 1440 imJg r can u e a 2-side 
bultable nOx726 FPA in a Tiled 
Assembly 

• On and off-chip decoupli ng with 
multiple wire-bonds to dampen large 
power transients 
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Rockwelll Teledyne pRAD Cameras 

izable volume taken-up by TE cooler and fan) 

Stainless-Steel Dewar 

Burst and Continuous Imaging Modes 
are Integrated on the Imager 

• Burst mode (3 images at 2.8 Mfps); trigger width = inlegmlion lime 
• Continuou mode (continuous imaging at 651 30 fps) 

Arm 
Trigger ___ -+-' 

Frame start ------+-----_t' 

Line start ___ -+ _____ +-...JULJ '---_JUU'---__ " ULJL--j 

Data ___ -+ _____ +--ILIIUD __ -JLaJ ____ -----' ..... y 

Initialization Snapshots 
Readout 10 

camera board 
memory 

Frame-grabber FO interface; Redundant <lata storage in on-Volatile memory in c . mem contro ll er 
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Response to 6mm Circular Mask 
Gated ~PV" CCO Camera Rockwell Imager "K1" 

Response o f th gated CCD camera (left) and Rockwell hybrid imager (right) 
to high intensity illumination o f a 6mm dia meter circu lar mask. Both images 
are p lotted on a [o l(urif/u/l ic 7-swle. T he hal cen in camc;; ra D is lypical o f 
the ga ted CeD system, and it is ind icative of the long range blu r. 
T he res t o f the b lack fi eld ill ustrates the level of starr ing in bo th camera, d ue 
tn Lhe s tray rad iation. -

Higher QE of Si Imager Equivalent to 
Increase in Beam Intensity by x5 

Gated CCO Camera #2 (1600)( 1600) Rockwell Camera "K1" (720)(720) 
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Pixel Signal-Storage Circuit Leakage 

RSC Camera - Pixel Storage-Capacitor Droop 

Raw Signal Leakag current 
3500 

-- due to the switching 
3000 Signal - OF 

_\ FET and possibly in 
z '-': 

the oxide - limits 0 

\ '= 2500 
t=5C 

ill the length of charge tn 
.fg 2000 
0 storage to 0.5 ec at > 

,o"c~ ~ 1500 room temperature :; 
0 to ~3sec at +S°c. ¢i 10GO 
)( 

n: _ • ":'Oark Fle'd" (OF) 
500 = - -------. Full FPA array 

t=24C' .t=5C read-out completed 
1E-4 1E·3 0.01 0.1 1 10 100 in 3x26ms = 78ms 

Readout time delay [5 J 

Shutter ratio measurements 
At nominal sensor bias (16V) the extinction ratio is better than 
15,000 : I for a brand neJ.'v FP A. 

The FPA exposed to beam radiation for over 1,5 years 'hows 
ratio 1400 : I for Fl~F2; and 4480: I Fl ~ F3 at 16V bias, 

J556 12P--I1111!11----111111 

I r 

Frame# I "over-saturated" x4.2 time~ Frame#2 (SOOns later. 500ns gale wid th) 
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Teledyne Imager: Problems and 
Areas for Improvement 

• Si photo-sensor 
- large leakage current 200nA/em2 vs . IOnA/em2 spec' ed 

(new wafers i < 2nA/cml) 

- -lOOJlm thick - more noticeable (longer) stray "stars" 

• Indium bump-bonding 
- rather expensive (FPA - $20k) 

- yield not always 100%; typo operability 99.8% 

• CMOS readout integrated chip (ROle) 
- Relatively large noise (- lOOe- at room temperature) 

- SmaIl dark field drift! noise on per row basi . 

- Need greater pixel count: I 024x 1024 or better 1440x 1440 
and need more frames 

Next Generation pRAD Imager 
(now in design stage) 

• Number of frames: 8-16 
• Integration time: 40 ns with 10 bit, and 150 ns wI 

12bit 
• Inter-frame time: 80 ns in "fast mode," 250ns 

standard mode 
• Dynamic Range: LO or l2bit (I4-bit ADC) 
• Read noise: < 25 e-
• Pixel size: :s 40Jlmx40Jlm 
• Resolution: -1200x] 200 pixels 
• Chip size: - 44mmx44mm (will require CMOS . titching) 

• CMOS technology (with enhancements): 180nm 
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Jazz Semiconductor: Thick Top Metal Layer 
and Stack-Capacitor in 180nm CMOS Process 

Phosphosllicate glass + Plasma Enhanced silicon nitride 

If we want to go beyond -lO-frame pixel 

• Different approach/electronic architecture (UCLA) 
• OR "den er" CMOS proce and 
• more Si real-e tate, and standard CMOS e.g: 

- larger pixels OR 
- 3-D package (vertical stack, X 100 area increase) 
- "3-D IC": multi-layer stack of CMOS chips 

CMOS wafers or chip thinned down to lO~lm or 
even].2 ""m interconnected with through-Si via 
0.3J.lITI to S""m diameter and bonded together 

bonding: Cu diffusion, organic adhesive, or Indium 
bump bonds 

The industry favorite (memory, FPGA's cameras) seem to 
be 3-D IC. 
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"Me aCaml": 5 M-Frame/s Test Chi 

• 12x 12 pixel array 
• 4-10 M-frame Is 
• -13 bits SNR 
• Charge-integrating 

amplifier front-end 

• 64-frames on-chip 
frame memory 

• Correlated double 
sampling 

• 0.35~m CMOS, $60k 

Collaboration wI UC Irvine 
"MegaCaml" Performance 

• 200x200~m pixels in monolithic 0.35um CMOS 

• Photodiode + charge integrating trans-impedance 
amp and sample & hold array per pixel 

• 4 M-frame/s wi CDS, up to 10 MHz without CDS 

• Max SIN with CDS is -13 bits 

• Max SIN without CDS is - 12 bits 

• 64-frame storage, or 32-frames with CDS 

• 3 to 7 fl A DC power consumption per pixel 
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Simplified Pixel Circuit Schematic 

T 
5 1 

RST 

C1 CRST 

i 
C1 " ~ SJ2 : 32> 

PD 

CRsr C32 
OR 

RST • c:....;,n ";·JX I 

64-frame MegaCaml Pixel Layout 
Storage capacitor array of 330pF 

., 

200 pm! 

IOOp F 

--=~4;~ __ ..i 

,tOU 75pF 
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Fast l-D "STREAK-l": Solid
State Streak Camera 

In 2003 designed and fabricated STREAK-I 
prototype: 

• 150-pixellinear monolithic CMOS sensor 
array, each channel with 150 samples per 
photo-sensor 

• 5ns integration /5ns reset time cycle 
• 2 rows of 40 ~m pitch sensor pixels 
• 0.35 ~m CMOS, 3.3V supply, 0.4 mAlchannel 

( Stuart Kleinfelder, ECE UC Irvine) 

STREAK-! prototype 

• 2 staggered rows of 40!-,m pixel pitch 
photo-sensors 

• 150 pixels wide by ISO-samples deep 
• 100 MHz acquisition and readout 0 low

power optical input shown to right 

, , 
" 
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STREAK-l Performance 

• Max measured sampling speed: 400 MHz 

• Photo-diode area: 85x40~m2 ; C -0.4 pF 

• Photo-diode fill factor: 920/0 

• Temporal noise: 0.51 mY 

• Fixed pattern noise: 6 m V 

• Max output swing: 1.48 V 

• Dynamic range: 69.2 dB rms (11 .5 bits) 

• Multiplex readout speed: 10 MHz (lOOns) 

GHz-Regime Linear Camera 
Create a solid-state streak carrzera that has: 

• At least 64 channels (~5 12 possible) 

• At least 256 frames (2':1024 possible) 

• 2 to 5+ GHz ample rate range 
• 1 + GHz signal bandwidth, 8+ bits dynamic range 
• to bits integrated analog to digital conversion 

• Integrated or bump-bondable sensor array 

• PLL-based clock multiplication (e.g. 100 MHz reference 
clock yields a 2 GHz acqui ition clock) 

• Real-time programmable trigger generation 
• At higher speeds, optimized monolithic sensors are 

mandatory 

Stuart Kleinfe lder, U C Irvine June 200B 
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CSP Stacking Runout & Tolerance Issues 

+
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lSI ,,,J ....... ,.. Variation 
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LosAlamas 
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Vertical CMOS Stack "Cube" of 50 Chips 
8,000 Connections to Photo .. Sensor Array 

and 750 to PCB 
~ Pixelated Photo-Sensor 

PCB test board 
Los Alamos 

TilCu sputtered 
Cu plated 

Ti sputtered 

Laser Drilled Vias 

TilCu sputtered onJy 
(to define via for SEM No 
Eledroplating Was Done) 
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3-D High-Density Chip Horizontal 
Stack Can Extend Frame Storage 

Digital control and data 
bus, power distribution 

(outside the array) 

Pixel Sensor Arra 

ROIC 3 frames 

ROle 3 frames 

ROIC 3 frames 

ROIC 3 frames 

ROIC 3 frames & Master Control 

, . . 

• Via diameter - 4 / 811m, one via per pi){el . Ihru 250um Si layer 

• Vias used to stack and interconnect several ROIC chips - extendi ng frame 
'w rage capac ity by 3 frames fo r each addit iunal ROle added, Example 
above shows I 5-frame srorage capacity 

\' RoCKWELL 
......l SCIENTIFIC 

VISA - DARPA Program 
• At RSC VISA (RSC awarded phase II) is dri ven by needs of extremely 

high-dynamic range and high-speed infrared image rs 
- Dynamic range of up to 28 bits al low power 
- Autonomous adaptive operation at video frame rales to 10 kHz and higher 
- High performance wh ile ~imull aneously reducing ;\ys le m powe r and weight 
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VISA Demo 4-Layer Stack 

P.o . Pettcrs~on. private communication 

3-D Packaging Challenges 

Detector 
640x480 

271lm pxls 

~ ROCKWELl. 
~ SCI~NTIAC 

• Design evolution towards integration of sensor, 
electronics and packaging 

• Known Good Die (KDG) 

• Power dissipation 

• Repairability 

- self-test 

- redundancy 

- {self)-reconfigurable 
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Summary 
• Rockwell Imager: 

- hybrid architectu re: 261l m pixels , SoC, QE- 84%, 180-40ns int. ti me 

- Ie chip worked on I " iteration - analog imulation tool ; cost 51. 16 M 

Direct detector possible, interconnect not trivial 
• UCI MegaCam I framing camera: 

- 200~tm pixels, 4 -10 M-frame. /s operation; 64-frame storage 
- 13 bit rms dynamic range with CDS, 12 bits without; 

• Streak 1- solid state streak camera prototype: 
- 400 MHz ma ximum sample rate (2.5ns), burst mode operation 
- I 1.5 bits nns dynamic range 

• In near future a 2nd Gen. pRAD Fast Imager 
- CMOS hybrid 8-16frames , 40ns shutter, 1200x1200px, sti tched 44mm 

chip 

• Longer tem1 - 3-D architecture: large anal g r di gital torage 
With shutler speeds -I ns, and I I-bit DR 
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