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1) Introduction
2) Imaging Devices for Digital Consumer Systems

2.1) Digital Information Consumer Products that utilize imaging devices
2.2) Requirements for imaging devices
2.3) Classification of image sensors

3) CCD Technology
3.1) Basic device characteristics
3.2) History of development
3.3) Current topics and future 

4) CMOS Sensor Technology
4.1) Basic device characteristics
4.2) History of development
4.3) Current topics and future 

5) Circuits and Module Technology
5.1) Role of circuits and module technology
5.2)Technology roadmap
5.3) Impact on device and process technology

6) Summary
7) Reference Q(1)   Obtain VS = f1(Vg,Q)  and Vm = f2 (Vg,Q) 

Ref(1-3)
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Buried  Channel CCD Structure

SiO2 n     p n-sub
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VSub

VSub

VWellVG

SiO2

VWell

Q(1)   Obtain Vm = f2 (Vg,Q) 

Vm

<This slide is not included in the text >



1) Introduction
2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

This lecture will provide an overview of imaging devices. The importance 
of these devices has increased rapidly due to the tremendous success of 
digital cameras. Basic characteristics, development history, current topics, 
and future trend of CCD and CMOS sensor devices will be reviewed. 

Ref(7) Shin-ichi YoshimotoRef(4-6) M.Fujita,H.Kitano and K.Sabe

Color Image Color Image 
at 30fps     at 30fps     

Range image at Range image at 
15Hz scan15Hz scan

Extracted objects

AIBO 2nd Generation, ERS-210 Sony Dream Robot, SDR-3

New AIBO Models, 
ERS-210  and   SDR-3

(3/50)



1) Introduction
2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

Ref(8-9) Photoelectric Effect: The energies of electrons liberated by light from metal
depend  on the frequency of the light.” observed by Heinrich Hertz  in 1888 and later 
explained  by Albert Einstein introducing the concept of photon in his Quantum Theory
of Light in 1905. 

Q(2) What is the earliest photo-sensor that converts light information 
to electrical information ?  And how did it evolve ? 

   

Ε f

  

 e -
 ｈ ｗ

ｗ

  
 ｈｗ

Ｋ．Ｅ．

０ ｗ

< Basic Concepts needed to understand  Imaging Devices>
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*Charge Pumping
*Floating Diode Node
*Floating Gate
*Bootstrap Effect

1) Introduction

Ref(10-11)

*Semiconductor
*p-n junction 
*Bipolar Transistor 
*MOS Transistor

Q(3) Explain the following Basic Concepts:

 ｈｗ

 

Τ= 0 Κ

 e-

Εf

Q(4) What is light ?

*MOS C-V Measurement 
*On-set of Strong Inversion
*Floating MOS Channel region
*Dynamic MOS Shift Register

Q(6) What is metal ?

Τ= 300Κ

Εf

< Basic Concepts needed to understand  Imaging Devices>

(5/50)

Q(5) What is electron ?
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Electron Fog Model in Metal and Semiconductor

Metal

n-Semiconductor

n-Si
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1) Introduction

Q(7) What is semiconductor ?

(6/50)
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Q(8) Explain p-n junction used for imaging devices

Ef

EC

EV

Ｈｏｌｅ Ｆｏｇ

Ef

EC

EV

Ｅｌｅｃｔｒｏｎ Ｆｏｇ

<n>

p+ Si

n+ Si

V=0

I

V
p-n Junction with no bias 

I
V

V I

n-Si

p-Si

1) Introduction
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<n>

p-Si
n-Si

V＜0

Q(9) Explain p-n Junction with forward bias I

V
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1) Introduction

I V

EV
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<p>

Q(10) p-n Junction with back bias
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EC
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<n>

<p>

p-Si

n-Si V>0

I
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1) Introduction

I V
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Q(11) Explain Esaki-Tunnel Diode

2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

1) Introduction

V
I

n+Si

p+Si
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<More Basic Concepts needed to understand  Imaging Devices>

Q(12) Explain Basic Bip Transistor Action

n-Si

n-Si

p-Si

n-Si p-Si n-Si
V

I
p-Si

n-Si

n-Si

Qn＝ AE WB n(0) / 2

τt ＝WB
２/ 2Dn

φ = φi − VBE

IB = Qn /τn
Io = qAE Dn { ni

2 / Na } / WB

IE = Io exp(VBE/kT) 
　

Ln
= Dn τn

IE = β IB

What happens when the base is floating ?
E

B

C
C

BE

E

B

C

*Bipolar Transistor 

1) Introduction
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<More Basic Concepts needed to understand  Imaging Devices>

Q(12) Explain Basic Bip Transistor Action
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<More Basic Concepts needed to understand  Imaging Devices>

Q(12) Explain Basic Bip Transistor Action

n-Si

n-Si

p-Si

n-Si p-Si n-Si
V

I
p-Si

n-Si

n-Si

Qn＝ AE WB n(0) / 2

τt ＝WB
２/ 2Dn

φ = φi − VBE

IB = Qn /τn
Io = qAE Dn { ni

2 / Na } / WB

IE = Io exp(VBE/kT) 
　

Ln
= Dn τn

IE = β IB

What happens when the base is floating ?
E

B

C
C

BE

E

B

C

*Bipolar Transistor 

1) Introduction
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Bip photo Array by
M.A.Schuster and
G.Strull,  Westing
House electric Corp.
IEEE TED Ed-12
No.12, Dec 1966

Base Floating Mode
with light shined in



VG= Vth(VBB, VS) 
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Q(13) Explain a simple MOS Transistor Physical Model and the   I V  Equation  

1) Introduction

I = W µ Ε Q 
Ε   = ( Vd - Vs )  /   L

Q = Co ( Vch - Vcho) Vcho = ( Vg  - Vth )

Vch = ( Vd +  Vs )  /  2

Vd

Vs

(12/50)



2) Imaging Devices for Digital Consumer Systems:
2.1) Digital information Consumer Products that  utilize imaging devices
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After Dr.Tsugio Makimoto(Sony), presented at Future Horizon, IEF2004

Q(14) What are they ?
Digital Video Camera Surveillance Camera
Digital Still Camera Automobile 
Mobile Phones Robot Eyes

(13/50)



2) Imaging Devices for Digital Consumer Systems:
2.2)  Requirements for imaging devices

2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

Q(15) Requirements for image sensors…..What are they ?

Ref(13) Y.Hagiwara 1977

(14/50)

Ref(12) M.Abe et al  1977(1) High Blue Sensitivity

SiO2 window 

(2) Low Dark Current

Block  Surface Recombination  Current  
Hole-Accumulated Pinned Diode

(3) Image Lag Free

Completely carrier depleted sensing area

(4) Built-in Fast  Electrical  Shutter

Vertical Overflow Drain Structure

p+ p+



ソニーが55年7月1日に発表したビデオ・ムービ（仮称）、これは2/3インチ光学系の
1チップＣＣＤ（絵素数570×490＝279,300） とビデオカセットレコーダ[テープ幅
8ｍｍ（5/16インチ）]をひとつにまとめている。録画時間20分。

2004 IEDM Short Course Imaging Devices

2.2)  Requirements for imaging devices
2) Imaging Devices for Digital Consumer System

San Francisco Yoshiaki Hagiwara

High Sensitivity and Compactness
Easy to carry around with one hand

Q(16) What is the most important ?

(15/50)

Ref(14)  Iwao Kajino, 1978

<FCX016> 570H x 498V  One-Chip 
FT CCD Color Imager, 1978

Ref(15-18) More Works 
On one-chip color camera

by
Y.Ishihara 1980
N.Koike 1980   
A.Furukawa 1980
N.Teranishi 1982

Ｋａｚｕｏ Ｉｗａｍａ ＠ Ｔｏｋｙｏ Ｐｒｅｓｓ Ｃｏｎｆ， １９７８
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Q(17) What is the most  ideal structure for photo sensor ?

A  bipolar transistor like p-n-p-sub structure
proposed in 1975 with lightly doped base 
region in dynamic operation with a 
completely-majority–carrier-depleted base. 

This p-n-p-sub sensing element structure is a
combination of pinned diode and a vertical 
OFD sensor  structure reported in IEDM 1984. 
This structure is valid and still very useful 
both  for CCD and  current CMOS image sensor. 

VE
p+

n

p

sub

VC

Floating Base

SiO2

V sub

2) Imaging Devices for Digital Consumer Systems:
2.2)  Requirements for imaging devices

Hawirara, 1975

SiO2-P-N-P-Sub Structure :  an Ideal Solid State Electrical  Eye 

Ref(19)

(16/50)



SiO2 n      p n-sub VSub

VSub

VWell

VWellVHAD

n

VSub

VE VB VC

p

VHAD

SiO2

SiO2 SiO2 SiO2 SiO2

n-sub

n
p

p

Ref(19) Yoshiaki Hagiwara, 1975

2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

Sensitivity 
Dynamic Range 
High Resolution 
Noise Free
Smear Free
No Lag

2) Imaging Devices for Digital Consumer Systems:
2.2)  Requirements for imaging devices

Q(18) What are the important physical parameters for high picture quality  ?

(17/50)

Output Gain    ( micro volt / electron )
Charge Capacity (electrons / pixel )



<This slide is not included in the text >

Lightly Doped Emitter
n-p-n Bip Transistor 
by Sony, 1972

VDD ( Collector for n-p-n Tr )

n+

n+

n-sub

n+n- n-

p-n-p Bip Transistor 
in n-substrate 
by Sony, 1972

E B BE C

p+ p+
pp

p+ p+n+p+

n-sub n-sub

n-sub

n-sub

To outside
world 

CTD
CCD or MOS 

To outside
world 

1966 M.A.Schuster
IEEE TED Ed-12
No.12, Dec 1966



San Francisco Yoshiaki Hagiwara

Nov 10, 1975    Japanese Patent  52-58414    “Bipolar Type Sensor Structure for Solid State Imager”

(18/50)

2004 IEDM Short Course Imaging Devices
2) Imaging Devices for Digital Consumer Systems:

2.2)  Requirements for imaging devices

Q(19a) How did  the idea come out ?
Claim : In the Semiconductor body, where we have the light 
sensing region and the charge-transfer region along the 
principle surface, there is the first conductive region (1) 
and on top of which there is the second conductive region(2).
To the region (2) a rectifying emitter junction is formed while the 
junction between region(1) and (2) forms a collector junction. 
Light  is emitted to,  and the photon generated charge is stored
in the base  region (2)  of the  transistor. The stored charge is
transferred to the  adjacent  charge transfer region.

Semiconductor Substrate

Charge Transfer Region

Principle 
Surface

(1)
(2)

Emitter Rectifying 
JunctionBase e-e-e-

Je

Jc
Principle 
Surface

Collector
Light Sensing Region

( Pinned diode when sub = p )



San Francisco Yoshiaki Hagiwara

Nov 10, 1975    Japanese Patent  52-58414    
“Bipolar Type Sensor Structure for Solid State Imager”

Ref(19)Yoshiaki Hagiwara  1975

(19/50)

2004 IEDM Short Course Imaging Devices
2) Imaging Devices for Digital Consumer Systems:

2.2)  Requirements for imaging devices
Q(19b) How did  the idea come out ?
Claim : In the Semiconductor body, where we have the light seｎ
sensing region and the charge-transfer region along the 
principle surface, there is the first conductive region (1) 
and on top of which there is the second conductive region(2).
To the region (2) a rectifying emitter junction is formed while the 
junction between region(1) and (2) forms a collector junction. 
Light  is emitted to,  and the photon generated charge 
is stored  in the base  region (2) of the  transistor. 
The stored charge is  transferred to the adjacent  
charge transfer region.

Base Region

Cp n p

Je Jc

n
Sub

e-
Collector for holesEmitter for holes

e+

Collector for holese-

Ec
v

Emitter for holes

Semiconductor Substrate

Charge Transfer Region

Principle 
Surface

(1)
(2)

Emitter
Rectifying 
JunctionBase e-e-e-

Je

Jc
Principle 
Surface

Collector

Light Sensing Region

( when sub = n ) 

E



VC

VB (t)

VE

Vout (t)

PAD

Very Long !
Max 10 mm

COUT

BJT  Sensor with  CCD  X and Y Transfer Registers

Vin

V1

VDD

R

(t)

VReset

VDD

Vout
V1 V2 V3 Vn

CCD

CB

2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

2) Imaging Devices for Digital Consumer Systems:
2.2)  Requirements for imaging devices

Q(20) How can we transfer the signal charge
to outside world ?

Ref(23-24)  Boyle and Smith 1970
W.Kosonocky 1971

(20/50)

Ref(20-22)  
Y.Ishihara 1982
A.Kohno 1984
B.C. Burkey 1984

Ref(19)
Hagiwara  1975



2) Imaging Devices for Digital Consumer Systems
2.3) Classification of image sensors

2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

Q(21) Explain about the early versions of imagers, such as  BBD and CID

BBD(Bucket Brigade  Device)
CSD(Charge Sweep Device)
CPD(Charge Priming Device)
CID(Charge Ingjection Device)

CCD (Charge Coupled Device)

MOS (CMOS) Imaging Device

Q(22)  Explain Basic CCD Performance parameters
Sensitivity  ( nA/lx for Color Temperature or  volt / lx sec )
Saturation Current (nA)
Dynamic Range (dB)
Smear Reduction Level  (dB)
Horizontal & Vertical Limiting 
Resolution (TV lines )
Charge Transfer Efficiency ( % per Stage )
Dark Signal Output
Signal to Random Noise Ratio ( dB)
Signal to Noise Ratio (dB) with or without Fixed Pattern Noise
Output Gain    ( micro volt / electron )
Charge Capacity (electrons / pixel )

(21/50)
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Q(22) What  are the source of contamination and defects in CCD imagers?

Contamination-Free and  Defect-Free Clean Process 
and Device Cares  are very, very important.

3) CCD Technology
3.1) Basic device characteristics

(22/50)

V S ub

V T ran V T ranΦ V reg
Φ V reg

n  -Sub
p pp

p+p+ n-n- n-n- n-

SiO 2
S iO 2

In Out
G1 G2 G3 Gn
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3) CCD Technology
3.1) Basic device characteristics

2004 IEDM Short Course Imaging Devices

Q(23) Discuss  about device and process characteristics inherent to
CCD imagers to conquer contamination and control defects,
such as white-point defects and black-point defects.

Ref(25) Takashi  Shimada  1980

(23/50)
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XC-1   １９８０
Two-Chip Color Video Camera

XC-1   １９８０
Two-Chip Color Video Camera

<ICX008>
2/3 Inch 120K  Pixcel

IT CCD Imager  designed
Ref(26) C.Okada 1978

Answer: Robustness

Q(24) What  are the next important feature of solid state imager ?

(24/50)

3) CCD Technology
3.1) Basic device characteristics



CCD-G5 XC-37   １９８３CCD-G5 XC-37   １９８３

<ICX016>
2/3 Inch 190K  Pixcel

IT CCD Imager designed 

2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

One-Chip Color Video Camera

Challenge For Higher Resolution

2048 x 1536

2048(3:2) 
1600 x 1200

1280 x 960 

640 x 480DSC-P1      2000.1

VGA
QVGA
SVGA

XGA
SXGA

HD

640   x 480
320   x 240
800   x  600
1024 x 768
1280 x 1024
1280 x 720

Ref(27-28)
H.Murata 1981
T.Kumezawa 1985

Q(25) What  are the next important feature of solid state imager ?

Ref(29) K.Ishikawa 1989

(25/50)

3) CCD Technology
3.1) Basic device characteristics



Embedded DRAM History

Higher Performance System

Many Applications/Products

1st EmDRAM Product

■0.50μm
1995 MP Start

■0.35μm
1996 MP Start

■0.25μm
1999 MP Start

8mm Camcoder LSI
512ｋbit DRAM+５０kG

３２Mｂｉｔ DRAM + 1500KG
DRAM Bandwidth 4８GB/S

Graphics Synthesizer(PS2)

MD LSI

２Ｍbit DRAM + 200kG
2.0V Low Voltage Operation

<This slide is not included in the text >
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2004 IEDM Short Course Imaging Devices3) CCD Technology
3.2) History of development

Ref(30) M.Mifune
S.Ochi
A.Shibata
Y.Kanoh, 1972

(26/50)

Q(26) Explain the common  Factors in Transistor Radio and   
CCD imager development History
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3.2) History of development

(27/50)

Q(27) Explain the origin  of pinned diode.

Ref(13) Yoshiaki Hagiwara, 1977 
Ref(19) Yoshiaki Hagiwara, 1975



2004 IEDM Short Course Imaging Devices3) CCD Technology
3.2) History of development

San Francisco Yoshiaki Hagiwara

HAD Sensor’s Derivatives

(28/50)

Q(28) Explain the historical development and derivatives of pinned diode.

Ref(19) Hagiwara, 1975

Ref(13) Hagiwara, 1977 Ref(31) Hynecek, 1979
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1987  HAD Sensor

(29/50)

3) CCD Technology
3.3) Current topics and future

Q(29) Why the vertical OFD is needed in CCD  ?

Ref(27-28)
H.Murata 1981
T.Kumezawa 1985

Ref(29) K.Ishikawa 1989

Challenge for Higher and Higher  Resolution



4) CMOS Sensor Technology
4.1) Basic device characteristics

2004 IEDM Short Course Imaging Devices
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Q(30) How can we transfer the signal charge
to outside world in case of CIS  ?

Ref(32) Iliana Fujimori 1997
Q(31) Explain three types ( Current, Voltage. and Charge) 

of  CMOS Image sensors output pixel configurations

(30/50)



4) CMOS Sensor Technology:
4.2) History of development

2004 IEDM Short Course Imaging Devices

Q(32) What is the earliest work on  MOS Array Sensor  ?
Savvas G. Chamberlain,

“Photosensitivity and  Scanning of Silicon Image Detector Arrays”
Dec 1969,  IEEE Journal of Solid State Circuits, Vol.SC-4,No.6, pp.333-342

Basic Planor Si p+n photo-diode unit, 
Principle of operation, 
The factors that affect the photodiode 
and array sensitivity,
Design and layout considerations 
including the integration time,
Scanning of photo-diode arrays, 
Detailed Design Considerations
for a static MOST ring counter,

A dynamic shift register with 
clocked loads for integral scanning,
Design Considerations of an actual 
photo-sensing matrix

San Francisco Yoshiaki Hagiwara (31/50)



Savvas G. Chamberlain, 1966

4) CMOS Sensor Technology:
4.2) History of development

2004 IEDM Short Course Imaging Devices

Q(33) Explain the term “quantum efficiency. Why is it important ?

San Francisco Yoshiaki Hagiwara (32/50)

C.A.Mead et al , 1972 (1976)
IEEE JSSC, Vol.SC-4,No.6, pp.333-342 IEEE JSSC, Vol.SC-11,No5, pp.692-695



Sample  Ho ld Circuit

Vo ut

S/H Puls e

Vin

S/H Vo ut

Vin

S/H Puls e

Vin

t

S/H

Vo ut

Vdd

Vo ut

Vin

S/H

Vin

S/H

2004 IEDM Short Course Imaging Devices
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Q(34) Explain S/H circuit for Noise Reduction Cares

4) CMOS Sensor Technology:
4.2) History of development

Ref(33) M.Gupta 2004 

(33/50)
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4) CMOS Sensor Technology:
4.2) History of development

Correlated Double Sampling

S/H
Vin

S/H1

Vin

t

S/H

VA

Vin

S/H1

Vin

S/H1

S/H
+

S/H2

S/H
-

+
- Vout

VA

S/H2 S/H2
VB

VB

VC

Vout
Vout

Vout

Q(35) Explain  CDS technique for effective  Noise Reduction Cares 
Ref(34) M.H.White 1974

(34/50)
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Optical Format
Chip Size
Image Area
Number of Pixels
Unit Cell Size 
Clock Drivers
Timing Generator
Output Circuits
Sample-and-hold circuits
Power Supply Voltages
Power Supply Currents
On-chip Micro Lens
Color Filters
Package

Q(36) Explain the following  features of interest in CMOS image sensors:

4) CMOS Sensor Technology
4.3) Current topics and future 

• CMOS image-sensor pixel-pitch reduction
is presently done only by technology shrinking

• Basic 3-Transistor/pixel CMOS active-pixel 
sensors in standard CMOS technology
suffer from readout noise and dark current
problems.

• Conventional use of a buried pinned photodiode
to improve the image quality  ( for reducing
KTC noise and dark current) requires
an extra transistor and wire.

PRESENT STATE OF THE ART   ( PROBLEMS )

(35/50)



2004 IEDM Short Course Imaging Devices

San Francisco Yoshiaki Hagiwara

Q(37) Compare the performance, the merits & demerits of 
CCD  Imager v.s. MOS Imager and their future trend.

Process
Substrate&Well Formation
Isolation
Gate Oxide
Gate Electrode
Passivation Layer
Light Shield 

Sensitivity
S/N
Dark Current
Smear 
Dynamic Range
Color Mix
Supply Voltage
Power

4) CMOS Sensor Technology
4.3) Current topics and future

Smaller and Smaller  CMOS Pixels seen in ISSCC2004
Paper# 6.1     Canon. Japan “ A 3.9×3.9µm2 Pixel VGA-Format 10b Digital    

CMOS Image Sensor  with 1.5 Transistors/Pixel Architecture  
Paper# 6.2,    Matsushita, Japan, “A ¼ inch 2M pixel CMOS Image 

Sensor with 1.75 Transistors/Pixel Architecture”
Paper#6.3     Sony, Japan “A CMOS Image Sensors using Floating 

Diffusion Driving”
Paper# 6.4     A CMOS Image Sensor Uses a Dynamic Reset Current Source

for Noise Suppression  
Paper# 6.5     Combined Liner-Logarithmic CMOS Image Sensor
Paper# 6.6     A 375×365 3D  1Kframe/s Range-finding Image Sensor 

with 394.5 kHz Access Rate and 0.2 Sub-Pixel Accuracy
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Kazuo Iwama in ICTC(ISSCC) 1954  Attendee List 
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After Dr.Tsugio Makimoto(Sony), presented at Future Horizon, IEF2004
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Q(38) Compare their future trend.

4) CMOS Sensor Technology
4.3) Current topics and future



5) Circuits and Module Technology
5.1) Role of circuits and module technology
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Courtesy of Dr.Toshihisa Sato, Renesas(1/4) 
SSDM2004, Short Course, Sept 14 2004, Tokyo Japan

Q(39) Is  it  important ?
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5) Circuits and Module Technology
5.1) Role of circuits and module technology

Courtesy of Dr.Toshihisa Sato, Renesas(2/4)
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5) Circuits and Module Technology
5.1) Role of circuits and module technology

Courtesy of Dr.Toshihisa Sato, Renesas(3/4)
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Stack Type SIP

SIP (BGA) SoC (BGA)
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5) Circuits and Module Technology
5.1) Role of circuits and module technology

Courtesy of Dr.Toshihisa Sato, Renesas(4/4)
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Courtesy of Dr.Kenshi Takahashi, ASET 
Ref(40) SSDM2004, Short Course, Sept 14 2004, Tokyo Japan
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5) Circuits and Module Technology
5.1) Role of circuits and module technology
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Courtesy of Dr.Kenshi Takahashi, ASET 
Ref(40) SSDM2004, Short Course, Sept 14 2004, Tokyo Japan

5) Circuits and Module Technology
5.1) Role of circuits and module technology
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5) Circuit and Module Technology 
5.2) Technology Roadmap 
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Q(40)  Explain  imager and LSI technology Scaling Trends 
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Ref(35) Yoshiaki Hagiwara, CCD79, Edinbough Sept 18-19, 1979
Ref(36) Yoshiaki Hagiwara, 1983-1996
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SEM Cross Section of 3D Artificial Retina Chip
Quartz glass

Source: Prof.M.Koyanagi @ Tohoku University
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5) Circuits and Module Technology
5.3) Impact on device and process technology
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5) Circuits and Module Technology
5.3) Impact on device and process technology
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Image sensors in CMOS achieving CCD pixel pitches and quality will continue to
drive the technology into the emerging mass markets for cell phones and Digital 
Still Cameras with analog design techniques to reduce readout noise in conventional 
CMOS Extended dynamic range 
image sensing, that does not 
sacrifice the low light or other
imaging performance parameters
for eventual use in non-machine 
vision applications. 

And 3D imaging is a potential 
enabling technology for the 
virtual world, with impact on 
human- interface technologies, 
robotics, and metrology . 
Sight-restoration electronics 
will likely provide enormous 
medical  and economic 
opportunities.
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