
compromising  either  the  n-p-n hipoiar or p-chann::l 
AIOS characteristics,  The  p-channel 3lOS transisto. 3 

with = I .7 c‘, g,, = 1000 pmhos,  and B VDS = 35 V f o r  
W / L ,  = 60 and T O z  = 10OO1q have  been  fabricated wii 11 
bipolar  transistors  having B = 100, ft = 500 M H z  ar.d 
B VCEO = 50 V. The  technology  developed is similar : o  
that  used  for  conventional  integrated  circuits  until  tire 
step of channel  oxidation. A Ion; temperature oxidaticm 
process was used  for  forming  this  oxide  which pr0duc.s 
negligible  changes  in  preceding  diffusion profiles. Bi 11s 
temperature  tests of hIOS  capacitors  made  on  this oxille 
have  shown  it  to be reproducibily  contamination  free. 
The  subsequent  annealing  step  to  eliminate interfa::e 
states  and  built-in oxide  charge  and  the  metalization 
procedures  are  both  completely  compatible  with  mono- 
lithic  integrated  circuit  technology  and  provide  highly 
stable MOS transistors. 

X high sle.\lr rate AIOS-bipolar operational  amplifier 
has  been  designed  and  fabricated  on  an  0.045-  by 0.04Ci- 
in chip  using  the new technology.  Typical  characterist;cs 
are 

slew rate = 80 V / p s  

voltage gain = 70 dB. 

The  M O S  transistors are used as a c t h e  loads and 
level  shifters  in  this  circuit  providing  a  much  improved 
frequency  response  over  conventional  circuits using 
p-n-p  lateral  transistors. 
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mage Sensor and Frame Store 
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TOMPSETT, REGINALD R. BLGKLEY, THEODORE A. SHANKOFF, 

AND w .  :r, MCNAMARA 

Absfracf-A two-dimensional  three-phase  charge-coupled  array 
with 128 X 106 elements,  that  can  serve  either  as  a  solid-state  imxge 
sensor  or  as an analog  serial  memory,  has  been  built. As an  im age 
sensor  the  device  has  been  operated  successfully  in  the  frame 
transfer  mode  to yield I20 frames/s  with  64x106  resolution  de- 
ments. By using  the  whole  array as  an  image  sensor,  pictures  ukth 
128x106 resolution  elements  have  been  obtained  at 15 frames,/s 
with tolerable  smearing. 

In the  memory  mode  the  device  can  store  a  whole  analog  frt.me 
as  produced  by a companion  device,  or 13 568 bits of digital  inforria- 
tion. But for  the  latter  application  defect-free  devices  are  marda- 
tory. The  design of the  device,  the  various  modes of operation, the 
quality of the  results,  some typical defects,  and  some  further  applka- 
tions  are  discussed. 

T K T K O D U C T I O N  

IYCE T H E  COXCEPTION of the  idea of char.ge 
coupling  by  Boyle  and  Smith [l 1 ,  a wide variety 
of charge-coupled  devices (CCD’s) have  been bit J t ,  

some of which  have  been  demonstrated successfull:, as 
imaging  devices  and  analog  serial  memories [2 1. L‘ IS ear 
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devices of up  to  500 elements  have  been  fabricated and 
operated  as  analog  shift  registers [ 3 ]  or  line  scanners 
[4]. An experimental  array  with 8 X15 elements [4] has 
shown  that  two-dimensional  scanning  is  possible  in 
charge-coupled  imaging  devices  and that  such devices 
could  serve as  the  basis for the  construction of compact 
video  cameras.  Using  the  frame  transfer  principle [ 2 ] ,  
a  three-phase CCD with 64X 106 imaging cells has been 
built  and successfully  operated close to  its  theoretical 
resolution  limit. 

THE DEVICE 
The  aim of the design  was to  provide  a  device big 

enough  to  allow  an  evaluation of the  quality oi perfor- 
mance  and a realistic  estimate of the  fabricational  prob- 
lems  involved. In  the  development of such  a  solid-state 
image  sensor  the  possibility of a  final  application  in  the 
Picturephone@  system  was  anticipated  and a format 
was  used  which  would  allow  preliminary  experiments 

@ Registered service mark of the  American  Telephone  and ?’de- 
__... 3 . “ . J ’  x graph  Company. 
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I 1  

Fig. 1. A schematic  diagram of a  three-phase  charge-coupled  image 
sensing  array  organized  for  frame  transfer  mode of operation. The 
upper  register  enables it to  be used as a frame  store. 

within  this  system. A device  with 6 4 x 1 0 6  resolution 
cells corresponds  roughly  to  one-quarter of the  esti- 
mated  requirements  for a full  size  replacement of the 
camera  tube.  To  increase  the usefulness of the  device 
with  only  a negligible increment of effort, a serial  input 
register  was  added  which  permits  operation of the  image 
sensor  as  an  analog  serial  memory. 

The  device  thus  has  four  functionally  different  areas 
(see  Fig. 1) which are  separately  addressable  and which 
have  three  independent  sets of electrodes  each,  since  a 
three-phase  charge  transfer  technique is employed.  The 
main  array  consists of 106 parallel  transfer  channels 
running  in  the  vertical  direction  and  separated  by 
stripes of a channel  stopping diffusion. Extending  across 
the  channels  and  common  to all of them  are 128 triplets 
of transfer  electrodes.  This  main  array  consists of two 
individual  sections,  an  imaging  area  with 6 4 X  106 reso- 
lution cells and a storage  area of the  same size. At  either 
end  of  this  array, single  channel  serial  registers of 106 
elements  each,  terminated  by a diode,  are used  for 
reading  charge  into  and  out  of  the  parallel  array. 

In  addition,  there  are  some single  independently 
addressable  electrodes. The  first  and  the  last  electrode 
row  in  the  main  array  can  serve  as  separate  gates  to 
terminate  the  imaging  area  at  the  upper  end,  or  they 
can  be fed with  special  transfer  pulses  to  control  the 
parallel/serial  conversion. T h e  serial  registers  also  end 
i n  separately  addressable  gates  that  regulate  the  charge 
f i o ~ .  from and  to tllc input/output  diodes. 

In  a  three-phase  device  with  a  single level of metalli- 
zation, diffused  crossunders  are  required to address 
some  sets of electrodes.  In  the  serial  registers,  where  two 
sets  have  to be accessed through  diffusions,  the size of 
the  contact  windows  through  the  oxide  combined  with 
reasonable  alignment  tolerances  yield  a  minimal  hori- 
zontal cell length of about 30 pm.  This  length is filled 
with  three 8-pm  electrodes  separated  by 2-pm gaps. I n  
the  main  array,  only  one  set  of  electrodes need  be con- 
nected  to a diffusion.  However,  diffused  bus  lines  are 
placed on both  sides of the  device so as  to  make  the 
access  windows  redundant  and  to  reduce  the effect of 
contact  resistance.  Csing  9-pm  electrodes  and 2-pm 
gaps  the  vertical  dimension of the  unit cell is 33 pm.  The 
active  area of the  device is 4 by 5 mm. 

The  devices  are  fabricated  on 20-40 Cl. cm  p-type 
silicon.  An n-type  phosphorous  diffusion ( 5  X 1014 cm-%) 
provides  input  and  output  diodes  as well as  the cross- 
unders. A lighter  p-type  boron  diffusion ( 2  X 1014 cn-* )  
outlines  the 106 transfer  channels  running  in  the  vertical 
direction  and  the  two  horizontal  transfer  channels for 
the serial  registers.  This  diffusion  keeps  the  surface 
potential close to zero and  thus defines the  boundary for 
the  transfer  channels.  After  removing all the  masking 
oxides  used  for the diffusions,  a  layer of 1300-1400 of 
dry  HCl  gate oxide is thermally  grown  and  annealed. 
Typical  values for  oxide  charge a.nd interface  state 
density  are 5 x 10'" cn-*  and 1 X 101" cm-*, respectively. 
11 single level or  1500 A of tungsterI is t.hen tleposited 
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Fig. 2. Output corner of an  actual  device,  showing  part of the m a i  1 
array,  the output register, output  gate  and  diode,  and  diffustd 
crossunders. 

and  etched  to  provide  the  metallization  pattern,  which 
contains  over 40 000 transfer  pads,  Fig. 2 shows tl- e 
output  corner of an  actual  device. 

Some of the  devices  had  a  layer of phosphorous  gla:;s 
applied  over  the  metallization  for  mechanical  and elec:.. 
trical  protection of the  surface.  In  this  case, holes a:e 
etched  through  the  protective  layer  to  access  the  leacs 
of the  electrodes.  Ti-Pd  bonding  pads  are  appliei 
through a shadow  mask.  After  the  wafers  have been 
tested  on a prober  to  obtain  information  on resistance,, 
continuity,  and  shorts,  the  devices  are  cut  apart anti 
those  that  have passed  all the  tests  are  mounted  onto :L 
metallized  ceramic  substrate  and  contacted  by gold wir.: 
bonding  (see  Fig. 3). 

IMAGIXG 
As an  image  sensor  the  device  was  designed  to operatl: 

primarily  in  the  frame  transfer  mode.  An  image is the.11 
projected  onto  the  top half of the  main  array.  Ligh: 
entering  the silicon through  the  gaps  between  the  trans. 
fer  electrodes  generates  minority  carriers,  in  this cast: 
electrons,  that wil l  accumulate  in  the  potential well:; 
underneath  every  third  electrode.  These  electrodes arc' 
held a t  a  certain  integration  potential V8. As  long  as thc 
accumulated  charge  does  not overfill individual  buckets 
the charge  pattern  corresponds  to  the  irnage focusecl 
onto  the  surface of the  device.  Potential wells tarrying 
a  larger  quantity  &charge  represent  the  brighter  areas 
of  the  picture. 

Fig. 3. The complete  charge-coupled  area  device 
mounted on a ceramic  substrate. 

During  the  vertical  retrace of the  display  system,  the 
accumulated  charge  pattern is shifted  quickly  and  in 
unison  into  the lower  half of the  device,  which  serves  as 
an  intermediate  storage  area.  The  integration of a new 
frame is resumed  immediately  in  the  imaging  area. 
Meanwhile,  the  stored  charge  pattern is read  out by 
shifting it down  one line a t  a  time,  the  bottom line  going 
into  the  horizontal  readout  register.  The  shiiting  takes 
place  during  the  horizontal  retrace  of  the  display.  Each 
line of charge  packets  transferred  into  the  horizontal 
readout  register is shifted  therein  toward  the  output 
diode  where  the  video  signal  can be picked up in  serial 
form.  This process is repeated  until  the  whole  storage 
area is cleared.  During  the  next  vertical  retrace  interval 
another  frame  transfer is initiated,  and  the  overall  cycle 
starts  again. 

A different  mode of operation uses the whole array as 
an  image  sensor.  Imaging  and  storage  area  together  are 
held  in  the  integration  mode  for  a  certain  time,  and  an 
image  is  projected  onto  both  areas.  After  a  suitable 
charge  integration  period,  the  accumulated  charge  pat- 
tern is read  out line after line by shifting  the whole pat- 
tern  down  one  line  at a time  and  reading  the  bottom  line 
out  in serial form.  IVithout  any  optical  shutter,  light is 
still  incident  when  the  frame is being  read out,  and  this 
superimposes  a  smeared  picture 0 1 1  t.hc properly x -  
cumulated  charge  pattern. 'I'o reduce this effect,  the 
integration  time  has  to be long compared LO the  readout 
time.  In some low light level applications,  \\-here  a long 
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integration  time is required,  this  condition  can  easily be 
met. and  thus  there is no  need for  an  extra  storage area.. 

For  live 'TI' applications xT;here an  uninterrupted se- 
quence of franles a t  a  given  rate is required,  the  device 
has  to be  operated  in  the  frame  transfer  mode. 

M E M O R Y  

14'hen the  device is used as  a serial memory,  charge 
is  injected  electrically at  the  input  diode. A whole  line 
oi information,  represented  by 106 charge  packets, is 
read into  the  serial  input  register.  The  line is then 
stepped  in  parallel  into  the  first  row of the  main  array. 
If the  device is used as  a  frame  store  in  TV  applications, 
this  serial-to-parallel  conversion  takes  place  during  the 
horizontal  retrace  time. If i t  is  used as a continuously 
operating  analog  shift  register,  this  process  has  to  occur 
within  one-third of an  element  time.  Successively, 128 
lines  are  stepped  into  the  main  array.  Then,  with  the 
next  step,  the  bottom  line  enters  the  serial  register  and 
is read  out  while a new  line  enters  the  input  register.  In 
this  mode  the  device  gives  a  total  delay of 13 675 ele- 
ments. 

Many  other  modes of memory  operation  are  possible 
since  the  main  array is  divided  into  two  halves  that  are 
independently  addressable,  and  since  extra  gate elec- 
trodes  are  provided at   both  ends of the  main  array. 
Thus  the  device could  be  used as  a  buffer.  Information 
can be  entered  through  the  serial  input  into  the  top  half 
while at the  same  time  information is  read o u t  from the 
bottom half a t  a  different  rate. lA?th top  and  bottom 
gate  closed,  information  can  be  transferred  from  the  top 
half to the  bottom  half while both  serial  registers  are 
working. 

RESULTS 
To test  imaging  operation,  the  devices  were  mounted 

on  the  stage of a  microscope  where  slides  and  test  pat- 
terns could  be  projected  onto  them  through  the  photo- 
tube. A suita.ble  aperture  could  shield  the  storage  area 
from  incident  light  as  is  required  in  the  frame  transfer 
mode of operation. T o  compensate  for  effects of inter- 
face states [5],  background  charge  could  be  injected 
electrically  through  the  input  register  or could be gen- 
erated by slightly  turning  on  the  object  illumination of 
the microscope.  Background  charge  corresponding  to 
20-50 percent  of  a ful l  bucket  gave  best  results in terms 
of transfer efficiency. 

The  signal  current, on the  order of 300 nA,  was fed 
into  an  external  preamplifier  built  of  discrete  com- 
ponents.  After  clipping  the  switching  spikes  picked  up 
from  the  transfer  pulses,  the  signal  was  filtered  with  a 
low-pass  filter  rolling off a t  half the  element  readout 
rate,  and  was  then  displayed  on a monitor. 

Fig. 4.(a) sholvs an image  obtained  in  the  frame  trans- 
fer  mode,  using 64  lines  with 106 resolution  elements 
each. .\4,7ith respect  to  this  picture,  the  frame  transfer 
\\-as done  upwards  and  the  serial  readout  towards  the 

(c) 
Fig. 4. Reproductions  made  with  the  area CCD. (a) Using the  frame 

transfer  mode to yield 64x106 resolution  elements, (b) and (c) 
using the full array  with  128x106 elemer1t.s at  an  integration- 
readout  duty-cycle of 1 : 1 and 3 :  1, respectively. 

upper  left-hand  corner  was  imaged  by cells  closest to the 
output  diode.  The  element  readout  rate was 1 M H z ,  
yielding 120 frames/s. 

Fig. 4(b) and  (c)  shows  pictures  produced  with  the 
whole array of 128 X 106 elements a t  lower frame  rates. 

left. This means  that  in  this  and  the following  figures the Fig. 4(b) ,   taken  a t  30 frames/s,  has  an  integration- 
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Fig. 5 .  Operation of the  area CCD as a frame  store  comparing  (a)  digital  input  information 

responding  output  signal. 
and  (bj  the  corresponding  output signal and (c)  analog  input  information  and  (d)  the cor- 

readout  duty cycle  of 1: 1 and  shows  some  smearing  in 
the  vertical.  But  in  Fig. 4(c), which  was taken at 15 
frames/s  with  an  integration-readout  duty cycle 3 ~ 1, 
the effects  of  smearing  are  greatly  reduced. I n  all .the 
experiments  described so far  no  charge was injected 
through  the  input  register.  However,  the  smeared pic- 
ture  integrated  during  readout from the  imaging a:xa 
provides  an  effective  background  charge. 

Fig. 5 demonstrates  the  operation of the  device a.s a 
frame  store.  In  Fig.  5(a)  and  (b)  digital  informat on 
produced  by  a  pattern  generator,  in  this  case  blocks of' 8 
by 8 dots [see Fig.  S(a) 1,  are  read  in  through  the sel.ial 
input  register  and  stored  for  a  certain  time,  here 30 Irrs. 

Then,  as  the  frame is read  out for display [see Fig. 5(b)] 
a new artificially  generated  pattern is read  into  the  de- 
vice. 

The  sharp  vertical black  lines in Fig. S(b)  and  (d)  are 
caused  by  defects  that  prevent  transfer  along  one of the 
channels.  In  this  experiment,  no  background  charge  was 
used and  hence  some  effect of transfer inefficiency can 
be  seen.  In  each  group of 8 by 8 dots  the  column  on  the 
left  and  the  top  row  are  slightly  reduced  in  amplitude. 
These  dots  are  the first ones of a  group  with  respect  to 
horizontal  and  vertical  transfer  and  thus  have  to refill 
the  interface  states  that  had been  emptied  since  the  last 
group of dots  passed. 
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Fig.  5(c)  and  (d)  shows  the  same  experiment  with 
ana.log information.  In  this  experiment  the processed 
vid'eo  signal [see Fig. 5 (c) ] of a  companion  device  that 
served as a n  image  sensor was fed  into  the  memory  de- 
vice and  retrieved  after a storage  time of 30 ms [see 
Fig.  5(d)]. 

E:ven though  the  defects of both  devices  are now 
superimposed, i t  can  be  seen  that  the  additional  signal 
degradation  caused  by  the  second  device is small.  Peak- 
to-peak  amplitude and dc level of the  input  signal were 
experimentally  adjusted for best  performance.  In  these 
frame  store  experiments  the  devices were operated a t   a n  
element  rate of 500 kHz. 

PERFORMANCE 
An upper  limit of the  spatial  resolution is given  by  the 

quantization of the  photosensitive  array  in  both  dimen- 
sions. Nyquist's  sampling  theorem  states  that at the 
best,  by  properly  limiting  the  bandwidth of the  input 
signal and filtering the  sampled  output  again  with  a 
low-pass  filter  cutting off a t  half the  sampling  rate,  spa- 
tial  frequencies  up  to half the  pitch of the  sensor cells 
can  be  resolved. I n  the  horizontal  direction of a line 
scanned  display  the  required  filtering  can  be  approxi- 
mated  with  electronic  components. In the  vertical  di- 
recti'on,  however,  owing  to  the  discrete  nature of the 
scan lines  in the  display, a net loss of resolution  results. 
This is usually  expressed in terms of the Kell  factor [ 6 ] ,  
which  ranges  from 53 to 85 percent 171. If the  unit cells 
are  small  and closely spaced, a further  limitation is im- 
posed by  the diffusion  length of the  minority  carriers 
generated  in  the silicon [SI .  

Additional  degradation in the  resolution  can  result 
from  the  operation of the  device itself if the  transfer 
efficiency is less than  unity. Using a linear  small-signal 
approximation [9] the  total  degradation  can be ex- 
pressed  in  the  form of a transfer inefficiency product ne, 
where n is the  number of transfers,  and E the  fractional 
inefficiency per  transfer. Low inefficiency products  are 
essential  in  both  the  vertical  and  the  horizontal  transfer 
region to  maintain  spatial  resolution.  Fig. 6 shows  the 
degra'dation of the  modulation  transfer  function 
(MTF)  for  various  values of ne as a function  of  normal- 
ized spatial  frequency. I n  addition,  the  output  signal 
experiences a frequency  independent  delay [9] on the 
order of (ne) elements. 

Experiments  using  a  small  spot of light  to  probe  the 
imaging  array,  or  studying  the  degradation of single 
electrical  pulses  transferred  through  the  device,  dis- 
closed  inefficiency products  as low as 0.3 for the  vertical 
chann'els as well as for the  readout  register.  These val- 
ues,  which  correspond  to a fractional  transfer ineffi- 
ciency E of 8 x lo-*, were  obtained  with a driving  pulse 
amplitude of 10 V and  20-percent  background  charge. 

Imaging of wedge patterns  revealed  that  spatial  fre- 
quencies close to  the  theoretical  limits could  be re- 
solved  in  both  dimensions.  Horizontally,  the  measured 
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Fig. 6. Normalized  electrical  response  as a function of the spatial 

with various  transfer inefficiency products ne. 
frequency of the  optical  input for charge-coupled  imaging  devices 

resolution \\-as one  line  pair  per 2.2 elements,  which  cor- 
responds  to 90 percent of the  Kyquist  frequency.  The 
vertical  resolution  was  studied  using  various  interlacing 
schemes  that  integrated  the  charge  underneath  different 
sets of electrodes.  The  best  results were  achieved by 
integrating  one  of  the  two  interlaced fields under elec- 
trodes 1 and  the  other field jointly  under  electrodes 2 
and 3. A line  pair  could  then  be  resolved  by 2 . 7  scan 
lines  in the  vertical  direction, which  corresponds to  
theoretical  predictions  assuming a Kell  factor of 7 5  
percent.  Detailed  investigations of these  various  inter- 
lacing  schemes  and  their  theoretical  resolution  capabili- 
ties will be discussed  in a forthcoming  paper [ lo] .  

To  demonstrate  the  degrading effect of transfer 
inefficiency, the  driving  pulse  voltage has been  lowered 
from 10 to 5 V in  Fig.  7(a)  and  (b).  The fine details of the 
picture  can now no  longer  be  resolved  and  also  the  girl's 
face has been stretched  to  the  right  and  downwards  due 
to  the  increasing  delay experienced by  those  picture ele- 
ments  that  have  to  make  more  transfers  to  reach  the 
output  diode.  In  addition  Fig. 7(b) demonstrates, by 
using the  device as a frame  store,  where all charge 
packets  make  the  same  number of transfers,  that  the 
transfer efficiency can  vary  due  to  nonuniformities  of 
the  physical  parameters of the MOS structure. Col- 
umns  with  larger inefficiency products shotlr more 
smearing  and  more  distortion  due  to  the  larger  delay. 

An  image  sensor  suitable  for  broadcast T V  requires  an 
array of about 5OOX500 elements  and inefficiency prod- 
ucts of less than 0.3 in  both  dimensions.  Such a per- 
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Fig. 7. Degrading effects in CCD’s. Influence of bad  transfer efficiency (a)  and (b) and of dark 
current spikes  (c) and (d) on imaging pc:rformance and  memory  operation,  respectively. 

formance  can  only  be  achieved if the inefficiencies  fler 
transfer  are 10-4 or less. This  value  represents  about  the 
limit of what  has been  experimentally  achieved  in  slir- 
face  channel  CCD’s [2 ] ,  [ l l ] .  

h o t h e r  important  parameter  of  performance is dzxk 
current.  Devices  with a background  dark  current ‘of 
10 nA/cm2  have been  obtained.  In  normal  imagi~ng ;tp- 
plications  such a small  dark  current  can be neg1ect.d. 
In  memory  applications  storage  times of more  than I s 
can be  achieved. A more  serious  problem  is  the  nonuni- 
formity in the  dark  current. Localized current  sources 
can  cause  objectionable  white  defects  in a display,  or 
introduce  errorneous  bits of information  in  memory ap- 

plications.  Fig.  7(c)  and (d) shows  the effect of localized 
dark  current  sources  on  analog  and  digital  displays  after 
an  integration  time of 1 s. The  strongest  sources  have 
already  saturated  and  started  to spill charge  into  adja- 
cent  elements.  Examination  has  revealed  that  the  na- 
ture of these  defects is similar to  the  impurity precipi- 
tates in vacancy  clusters  previously  observed  in silicon 
diode  array  targets [12]. I t  is anticipated  that  the  same 
gettering  treatments which  were  successfully  applied to  
silicon  diode array  targets  can  also be  used to  eliminate 
these  defects  from  CCD’s. 

In  order  to use long  integration or storage  times,  the 
uniform  background  dark  current  also  has to  be  re- 
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duced.  This  can  easily be done  by cooling the  devices. 
Exlperiments on a 500-element  linear  CCD  have shown 
that  the  dark  current is reduced  by  about a factor of t\vo 
for every 10°C that  the  device is  cooled down  and  that 
at  the  same  time  transfer efficiency is not  affected.  Inte- 
gration  times of several  minutes  should  thus  be  obtain- 
a b k .  

DEFECTS 

The  intricate  metallization  pattern is a  major  source 
for fatal  defects. A short  across  the 2-pm gap,  the  total 
length of which amounts  to  about 1 m/device,  makes 
the whole  device  worthless.  This  kind of defect  as well 
as  shorts  to  the  substrate  are  detected in dc  tests per- 
formed on  the  uncut  wafer.  Only  devices  that Passed Fig. 8. Some defects  observed i n  charge-coupled  area  imaging de- 
the:;e tests  have been  mounted  and  allnost all  sho\f\.ed vices and  their  appearance in the  display  for  the case  of frame 

some  kind of operation.  However,  there  was  a  wide transfer  mode of operation. 

range  in  performance.  The  values of transfer efficiency 
as well as  the  number of localized  defects  per  device 
spread  over tv70 orders of magnitude. 

I t  is suspected  that  the  spread in  transfer efficiency 
stems  mainly  from  bumps  in  the  interface  potential  in 
the  transfer  gaps,  produced  by  an  uncontrolled  amount 
of surface  or  oxide  charge.  In  unprotected  devices,  the 
surface  charge  can  be  influenced  by  breathing  onto  the 
device,  and  the  performance  can  often be greatly  im- 
provad.  These  effects  have  been  noticed on all our  earlier 
threte-phase CCD's  and  are  also  reported by other 
groups [13]. 

There is a wide  variety of white  defects.  Beside  local- 
ized generation  centers  that  produce  dark  current  spikes 
there  are  other  white  defects  that  are  strongly  voltage 
and/or  light  sensitive.  They seem to be  associated  with 
some  kind of a  breakdown  effect,  possibly at  the  bound- 
ary of the  channel-defining  diffusion. 

Another  kind  of  defect  that is characteristic of charge 
transfer  devices  appears  in  the  display  as  black  bars. 
This is  produced  by  some  kind  of  a  blockage  in  one of 
the  transfer  channels.  One possible  source is a bridge of 
the  channel  boundary diffusion  across  the  transfer  re- 
gion.  Another is a  pinhole  through  the  oxide,  small 
enough  to  cause  no  detectable  short,  but  sufficient  to 
drain  out all  mobile  charge  from the  channel. 

If the  device is operated  in  the  frame  transfer  mode, 
both  black  and  white  localized  defects  have  an  appear- 
ance  in  the  display  that  depends on their  location  in  the 
device.  This is  illustrated  in  Fig. 8. Current  sources  in 
the  imaging  area  appear  as  white  spots,  whereas  they 
are  smeared  out  when  located in the  storage  area. If a 
blockage  occurs  in  the  imaging  area,  black  bars  start a t  
the  corresponding  location  and  extend  in  the  vertical 
direction  away  from  the  output  register. A blockage  in 
the  s-torage  area  turns  a whole  column  black,  and if i t  
happens  to be in the  serial  register i t  leaves  a  black field. 
'These defects, as observed on two of  the  devices,  are 
illustrated in Fig. 9. 
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APPLICATIONS 

In  an  environment  with  controlled  illumination  the 
best  devices  perform  very well. Their  most  striking 
property is the  complete  absence of lag,  due  to  the  fact 
tha t  all the  charge is completely  read  out in each  field. 
Small  size,  shock  resistance, fast  turnon,  and insensi- 
tivity  to  electromagnetic  stray fields are  other beneficial 
aspects  of  solid-state  image  sensors. 

The  advantages of these  devices  become  even  more 
evident in a color system.  An  experimental  color  video 
camera  has  been  built  using  three  identical  charge-, 
coupled  image  sensors. The  light from the scene  being 
viewed is split  into  three  colors  (red,  green,  and  blue) 
and focused onto  the  three  devices, which are all driver1 
by  the  same  circuitry.  Such  a  camera  permits  drift-free 
operation  with negligible  color  fringing  in the  picture. 
The  fixed device  geometry  with  its  self-scanning  clock. 
controlled  readout  overcomes  the  problems of alignment 
and  registration of the  scanning  systems  that  exist  ir 
color T V  cameras  using  three  separate  tubes.  The  ab. 
sence of lag  in  CCD’s also  reduces  the  appearance 0. 

color  fringes a t   the  edges of moving  features. CCD’?, 
have  opened  an  exciting new field of possibilities  for  tht: 
construction of small  and  reliable  solid-state  video 
cameras. 

DISCCSSIO~- 

There  are  many  different  approaches  to  solid-stat#: 
imaging.  Charge  transfer  devices  as  opposed  to X-,,’ 
addressed  matrices of photo  sensors offer the  advantag:: 
of a  single  small output  diode, which  can  result in ver:; 
low output  capacitance, especially if the  first  stage c f  
the preamplifier  is  integrated  with  the  device  itself.  Thls 
promises  improved  signal-to-noise  ratios  and  thus  pc- 
tentially  higher  light  sensitivity.  Furthermore, goosi 
uniformity  is less  difficult to  achieve.  The  switching 
transients,  since  they  are  uniform  and  occur a t  a  mult - 
ple of the  highest  signal  frequency of interest,  can easily 

be  filtered  out.  The  dwice described above  illustrates 
that  charge-coupled  arrays  with  frame  transfer  organi- 
zation  are  indeed a viable  approach  to  solid-state  imag- 
ing. Considering  the  early  stage of development of 
charge-coupled  devices in general,  the  achievements  to 
date  are  more  than  encouraging. 
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