Charge-coupled devices and

applications

Dr. J. E. Carnes | Dr. W. F. Kosonocky

Charge-coupled devices (CCD’s) represent a new concept for silicon integrated cir-
cuits. This article reviews the basic operation of CCD’s, including their basic operat-
ing limitations, methods of fabrication, and state-of-the-art experimental resulis; the
various potential apblications are then described in more detail.

(ccp) is a new device concept
which was introduced three years ago.
It is an analog shift register, and as
such has potential application in a
variety of areas such as self-scanned
image sensors, electronically-variable
analog delay lines, matched filters, and
autocorrelators. In addition, the sim-
plicity and compactness of ccp’s
should result in their use as low cost,
high capacity digital serial memories.
Progress in ccbh research has been
rapid. Initial announcements told of
devices having just eight stages with
an efficiency per stage of approxi-
mately 99%.* In the succeeding years,
the length of devices and their trans-
fer efficiencies have increased at the
rate of approximately one order of
magnitude per year, so that present
devices have as many as 500 stages®
and efficiencies of 99.99%.** Devices
with this type of performance are sat-
isfactory for most of the applications
mentioned and it is anticipated that
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cep’s will soon find their way into
marketable products.

MOS capacitor

Since a ccp is physically just a linear
array- of closely-spaced mMos (metal-
oxide-semiconductor) capacitors, it is
important to understand the Mos ca-
pacitor and how the surface potential,
Vs (the potential at the Si-SiO, inter-
face relative to the potential in the
bulk of the silicon), depends upon the
various parameters involved.

Fig. 1 shows a cross-sectional view of
an Mos capacitor with a p-type silicon
substrate. When a positive step voltage
is applied to the gate of such a struc-
ture, the majority carrier, holes, are
repelled and respond within the dielec-
tric relaxation time. This results in a
depletion region of negatively-charged
acceptor states near the surface of the
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Fig. 1—(a) Cross-sectional view of an MOS
capacitor representing element for _charge-
coupled circuit; (b) Surface potential pro-
file just after application of step voltage \(G;
(c) Surface potential profile with charge sig-
nal gs in the potential well.

silicon. The applied gate voltage is
dropped across the series combination
of the oxide and the depletion region
in the silicon. Solution of the one-di-
mensional Poisson’s equation subject
to the appropriate boundary condi-
tions, and including two-dimensional
sheets of charge at the Si-SiO, inter-
face due to fixed oxide charge (Qss)
and signal charge represented by mi-
nority carriers (Q,s,), shows that the
surface potential V is given by:

Vs=VG'—B[(1+2‘1;G')%—1] ()

where
VGI=VG+ (Xom/gnm) (OSS+QMQ); VG iS.
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the applied gate voltage; Qg is the
fixed oxide charge; Q.:, is the signal
charge of minority carriers (inversion
layer charge); B=gN.e,X,.'/¢.,,.=0.15
(N4/10") (X../10004)*; q is the elec-
tronic charge in coulombs; N, is the
doping density in acceptors/cm’; e, is
the dielectric constant of silicon; ..
is the dielectric constant of the oxide
layer; and X,. is the thickness of the
xide layer. Eq. 1 is a most important
one in ccb design.

Just after the step voltage is applied to
the-gate and in the absence of signal
charge Q.;, (the introduction of signal
charge will be discussed in the next
ection), the silicon conduction band
at the surface is well below the equi-
librium Fermi level and electrons, the
minority carriers, will tend to gather
there. However, it takes a rather long
period of time for thermally-generated
minority carriers to accumulate in suf-
@¥icient numbers to return to the system
to thermal equilibrium. We have mea-
sured thermal relaxation times for
MOs capacitors ranging from 1 to 100
seconds in good agreement with the
predicted® values assuming bulk ther-
) .mal generation of minority carriers:
T=1N4/2n: 2)
where 7 is the minority carrier life-
time; N, is the doping density; and
n; is the intrinsic carrier concentra-
tion (1.45%10"cm™ for silicon).

@vhen minority carriers do accumulate
at the surface, they start to create an
inversion layer which resides within
1004 of the interface. This negative
charge tends to reduce V, according
to Eq. 1. When V; goes to zero, no

ore charge can be accumulated or
stored in the potential well. The ca-
pacitance of the potential well, C...i,
consists of two capacitances in paral-
lel: the fixed oxide capacitance, C,,=
../ X.., and the capacitance associated
with the depletion layer of the silicon,
® .= (2gN,e./V) %, Since C, depends
upon Vi, C..i: is not constant for all
values of V and, therefore, the con-
cept of a potential well capacitance
has limited usefulness. However, for
large enough values of Vi, C.<C,.
d Co,..:=C,. For V values greater

q;an 200B, C,; will be less than 10%
of C., and C.,.: is essentially con-
stant at C,,,.

Thus, the following fluid model of the
MOS capacitor emerges: a potential
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Fig. 2—Operation of a 3-phase charge
coupled shift register: (a) Cross section of
the structure along the channel oxide; (b}
Surface potential profile for ¢i==V, ¢2:=0,
¢s=0 forming a potential well under the
phase-1 elecirode; (¢) Transfer of charge
from the potential wells under the phase-1
electrode to the potential wells under the
phase-2 electrode illustrated by the profiles
of surface potential at times shown in (d);
(d) Waveforms of the phase voltages.

well for minority carriers can be cre-
ated by applying a step voltage to the
gate and this well will take a relatively
long period of time to accumulate
charge thermally. For times much
shorter than this thermal relaxation
time, a potential well exists at the sur-
face, and the depth of this well can be
altered by changing the gate voltage.
When minority carriers are introduced
as signal charge in the potential well,
they tend to reduce the depth of the
well according to Qsi,/Cos, so they
tend to fill up the well much like fluid
in a container.

Basic charge-transfer action

A three-phase ccp is just a line of these
MOs capacitors spaced very close to-
gether with every third one connected
to the same gate, or clock voltage as
shown in Fig. 2a. If a higher positive
voltage is applied to the ¢, clock line
than ¢, and ¢,, the surface potential
variation along the interface will be
similar to Fig. 2b. If the device is il-
luminated by light, charge will accum-
ulate in these wells. Charge can also
be introduced electrically at one end
of the line of capacitors from a source

diffusion controlled by an input gate.
To transfer this charge to the right to
the position under the ¢. electrodes, a
positive voltage is applied to the ¢.
line. The potential well there initially
goes deeper than that under a ¢, elec-
trode, which is storing charge, and the
charge tends to move over under the
¢. electrodes. Clearly, the capacitors
have to be close enough so that the de-
pletion layers overlap strongly, and
the surface potential in the gap region
is a smooth transiston from the one
region to the other. Next, the positive
voltage on the ¢, line is removed to
a small positive pc level, enough to
maintain a small depletion region, in-
creasing the surface potential under
the ¢, gates in the process. Now the
¢. wells are deeper, and any charge
remaining under ¢, gates spills into
the ¢, wells. The charge, at least most
of it, now resides one-third of a stage
to the right under ¢, gates. The charge
is prevented from moving to the left
by the barrier under the ¢, gates. A
similar process moves it from ¢, to ¢,
and then from ¢, to ¢.. After one com-
plete cycle of a given clock voltage,
the charge pattern moves one stage
(three gates) to the right. No signifi-
cant amount of thermal charge accum-
ulates in a particular well because it is
continually being swept out by the
charge transfer action.

The charge being transferred is even-
tually transferred into a reversed-
biased drain diffusion and from there
it is returned to the substrate. The
charging current required once each
cycle to maintain the drain diffusion
as a fixed potential can be measured
to determine the signal magnitude
(current-sensing) or a re-settable float-
ing diffusion which controls the poten-
tial of a MOSFET gate can be employed
(voltage-sensing) .*

The operation of the input and the
output circuits for ccp’s are described
in more depth later in this paper (see

Experimental Results). One can vis-

ualize a ccp shift register as a multi-
gate MOSFET in which the charge sig-
nal is moved as charge packets from
the source diffusion to the drain dif-
fusion under the control of phase
clock voltages applied to the gates.

Limitations on speed and efficiency

Clearly, 100% of the charge cannot
move instantaneously from one poten-
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tial to another. Also, some of the
charge gets trapped in fast interface
states at each site and cannot move at
all. Therefore, in a given clock period
not quite all of the charge is trans-
ferred from one well to the next. The
fraction of the total that is transferred
(per gate) is called the transfer effi-
ciency, n .The fraction left behind is
the loss per transfer, denoted ¢, so that
n+e=1. Because n determines how
many transfers can be made before the
signal is seriously distorted and de-
layed, it is a very important figure of
merit for a ccp. If a single charge pulse
with initial amplitude P, is transferred
down a ccb register, after n transfers
the amplitude P, will be:

P,=Poy"=P, (1 —ne) (for small ¢)

3
When ne= 1, the original pulse is com-
pletely lost and distributed among
several trailing pulses. Clearly, & must
be very small if a large number of
transfers are required. If we allow an
ne product of 0.1, an overall loss of
10%, then a 3¢, 330 stage shift regis-
ter requires ¢<107, or a transfer effi-
ciency of 99.99%.

The maximum achievable value for 7
is limited by how fast the free charge
can transfer between adjacent gates’
and how much of the charge gets
trapped at every gate location by fast
interface states.’

Three separate mechanisms cause the
free charge to move from one well to
another: self-induced drift, thermal
diffusion, and fringing field drift. Self-
induced drift® is a charge-repulsion
effect which is only important at large
signal charge densities (=10 charges /
em?®) and is not particularly significant
for achieving very high transfer effi-
ciencies. Thermal diffusion results in
an exponential decay of charge under
the transferring electrode™ with time
constant
Ta=L*/2.5D 4)
where L is the center-to-center elec-
trode spacing; and D is the diffusion
constant.
By means of thermal diffusion alone,
99.99% of the charge is transferred
each cycle at frequencies f, (in Hz)
given approximately by:
fs(thermal diffusion) =5.6X10"/L*
(5)
assuming D=6.75; L is centerto-
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Fig. 3—Time required to achieve n = 99.99%
vs. gate length for various doping levels
The thermal diffusion line is the maximum
time required in any case.

center spacing measured in pm. Fring-
ing field drift can help to speed up the
charge transfer process considerably.
The fringing field is the electric field
along the direction of charge propaga-
tion at the Si-SiO, interface. This field
will vary with distance along the gate
with the minimum occutring at the
center of the transferring gate. The
magnitude of the fringing field in-
creases with increasing oxide thick-
ness and gate voltage and decreases
with increasing gate length and doping
density.® The effect of the fringing
field upon charge transfer is difficult to
assess analytically. A computer simu-
lation of the transfer process under
influence of strong fringing fields has
indicated that the charge remaining
under the transferring electrode still
decays exponentially with decay time.

_ LI [5Xd/L+17
1T 20uX.VL 5Xd/L

where V is the clock-pulse voltage;
and X, is the depletion layer thickness
at the center of the transferring elec-
trode.

(6)

Fig. 3 shows the time required to reach
7=99.99% as a function of gate length
for various substrate doping densities.
According to these calculations for a
p-channel ccp, 7=99.99% is possible
at clock frequency of 10 MHz with
gate length L=7 pm and substrate
doping of 10¥cm™. This assumes that
trapping effects are negligible.

Charges can be lost from the signal
into fast intetface states because, while
the filling rate of these states is pro-
portional to the number of free car-
riers, the empty rate depends only
upon the energy level of the interface
state. Thus, even though a roughly

equal amount of time is available for
filling as for emptying, many of the
interface states can fill much faster
than they can empty, and thus retain
some of the signal charge and release‘.
it into trailing signal packets.” This
type of loss can be minimized by con-
tinually propagating a small zero-level
charge or fat zero through the device.
This tends to keep the slower states
filled so they do not have to be filledgy
by the signal charge. An analytical ex-
pression for fractional loss into fast
interface states ¢, is given by:

1

fo= ———: kTN, In 1+_-——k2,f
nx +1 1fés, 0 .

Q)

where 1, . is the fat zero carrier density
in charges/cm’; n, is the signal density
in chgs/cm’; kT is in units of eV (0.026
at room temperature); Ny is the fast@@
state density in states/(eV—cm’); f is
the clock frequency; and k. is a con-
stant depending upon the trapping
cross-section (~107cm’/sec) .

Eq. 7 implies that, without fat zero,
£,=107 for Ngx=10" (cm’—eV) -, and‘»
£,=107 for Ne=10" (em’—eV)™ at
1-MHz clock frequency. By introduc-
ing n.., equal to approximately 10 to
25% of a full well, (~2x10%cm™),
interface state losses can be essentially
eliminated. For example, suppose 7, q
=2%10", n,=10%, and f=10°. Then: ®

£ =2.2%10"" for Neg=10*
2.2% 10" for Ngs=10"

Methods of fabricating CCD’s
Three-phase single-level metal CCD’s

The three-phase ccp whose operation
was described earlier can be made by
standard p-Mos or n-Mos techniques.
Only one level of metal is required in
addition to source and drain diffu-
sions. The gap between adjacent elec-
trodes presents the major problems.@

The gap should be as small as possible
to insure good coupling between gates
without any bumps or barriers in the
surface potential. Thus 0.1-mil etching
between metal electrodes is desirable
but is a non-standard process. Further@®
more, if the oxide in these gaps is ex-
posed to the ambient air, the surface
potential in the gaps is largely uncon-
trolled, and ccp operation can be
adversely affected. Singlelevel metal
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devices will, therefore, require some
type of overcoat or resistive sea layer
over the gap regions to control and
stabilize the surface potential there.
Another disadvantage of any three-
phase system is a topological one. To
contact the three-phase electrodes at
least one cross-over or dig-down struc-
ture is needed at each stage.

The main advantage of the three-phase
single-metal ccp is that it can be made
with the minimum number of process-
ing steps. The price for this is the
definition of 2 to 3-um gaps between
the gates. Also, the best and more
reproducible transfer efficiency has
been obtained up to now with closely
spaced ccp’s in the form of polysilicon
gates overlapped by aluminum gates,
which are described in the next sec-
tion.

Two-phase CCD’s

In three-phase ccp’s the potential
wells are symmetrical, and the direc-
tionality of charge flow is maintained
by the asymmetry of the clocking volt-
ages as seen in Fig. 2. However, if
each potential well had a built-in asym-
metry to determine the direction of
charge flow, then a symmetrical two-
phase clocking scheme could be used
to drive the device. The potential well
asymmetry required is that the well
must be deeper in the direction of
charge transfer. This can be achieved

’by having two thicknesses of oxide
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under one electrode or by having a
variation in substrate doping [See Eq.
1]. A two-phase device has clear topo-
logical advantages over a three-phase
device since no dig-downs are required
for access to the electrodes.
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Fig. 5—Cross-sectional view and labeled photograph of CCD-T 128-stage shitt register.

A particularly advantageous method
of constructing two-phase ccp’s which
results in two thicknesses of oxide to
provide signal directionality consists
of polysilicon gates overlapped by
aluminum gates. The method of mak-
ing these devices is shown in Fig. 4.
After definition, the polysilicon gates
are partially oxidized to form an insu-
lating layer and to increase the oxide
thickness in the region between the
gates. The aluminum is deposited and
defined so that it overlaps the polysili-
con gates as shown. The spacing be-
tween electrodes is determined by the
polysilicon oxide thickness—typically
2000A. No gaps are exposed to ambi-
ent and standard alignment (0.1 mil)
and etching (0.2 mil) techniques re-
sult in 1.2 mil per stage (two polysili-

con gates and two aluminum gates)
spacing. Such devices have been built
and experimental results have been
obtained,

Experimental results

A variety of ccp device structures have
been fabricated at RCA Laboratories
in the pdst two years, including three-
phase single-level metal p- and n-chan-
nel devices and two-phase polysilicon
overlapped by aluminum devices. The
two-phase devices have generally been
more well behaved and predictable
than the single-level metal devices,
probably because of the absence of
gaps in the two-phase structures.

The crossectional view of a 128:stage
two-phase ccp is shown in Fig. 5. In
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Fig. 4—Construction of the experimental

charge-coupied devices.

coupled shift registers.

Fig. 6—Circuit diagram for

the tests of two-phase charge-
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Fig. 7—Typical waveforms for CCD-6 64-
stage shift register at 1 MHz.

the operation of this shift register (Fig.
6) the input charge signal is intro-
duced by input pulses V.. and the bias
voltages E and Eq_.. The output is de-
tected either directly by “current sens-
ing” as I,, current or as I,., by
“voltage” or rather “charge-sensing”
in which case the potential of a float-
ing diffusion controls the gate of a
MOSFET amplifier.

Fig. 7 shows typical gscilloscope wave-
forms for a 64-stage, two-phase device
on a (111) substrate. The improved
operation is clearly evident when fat
zero is introduced. The experimental
measurements of transfer efficiency vs.
frequency on the two-phase devices
have confirmed many of the analytical
predictions discussed earlier, especially
concerning the transfer of free charge
by thermal diffusion and losses due to
fast interface states. Fig. 8 shows the
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Fig. 8—Fractional loss per transfer vs. fre-
quency for 128-stage shift register with and
without fat zero.

fractional loss per transfer vs. fre-
quency for a 128 stage, two-phase p-
channel device with a 10-um-long
polysilicon gate. First, the two left
branches of the curve show the loss vs.
frequency when no fat zero is intro-
duced and fast state losses are ex-
pected to dominate, The top curve is
for a device built on (111) silicon
substrates with expected N values of
approximately 10" (cm*—eV)™, and
the bottom one is for (100) material
with fast state densities expected to be
~10"(cm’—eV) ™. A fit of the data to
Eq. 7 yields a value of 8x 10" for the
(111) device and 2% 10" for the (100)
device, close to the values expected.
The n,,, values deduced from the plots
were consistent with those expected
for thermal generation.

The right branch of the data in Fig. 8
shows the measured loss when a fat
zero (10 to 20% of a full well) was
intentionally introduced, The fast state
losses have been reduced to an im-
measurably low level and ccp opera-
tion is limited at the higher frequencies
by free charge transfer. The doping of
the substrate here is 10*cm™*—too high
for fringing fields to be appreciable.
Thus, the free-charge transfer is domi-
nated by thermal diffusion. The dotted
line shows the loss expected for a 10-
pm-gate device—indicating excellent
agreement with the actual results. A
hole mobility of 250 cm’— (V~sec)™
was assumed.

Analog signal processing

Charge-coupled devices represent a
new LsI technique for the processing
of analog information. With charge-
transfer loss (inefficiency) £=10"* per
stage, a figure which has been demon-
strated experimentally (as discussed
earlier), the analog signal can be trans-
ferred through up to 1000 stages of
CCD with only minor amplitude and
phase degradation which should be ac-
ceptable for most applications. One
can see, therefore, delay lines for video
and audio signals which can be oper-
ated with fixed or electronically-
variable time delay as one of the direct
and obvious applications of ccp’s. The
time delay, 7., for a ccp delay line is

7a=N (1/f.) =N/ (24AB) ®

where N is the number of stages, f. is
the clock frequency, and AB is the
bandwidth. The ccp delay line oper-

®

ates by sampling the input signal once
every clock cycle. Therefore, it is
capable of signal bandwidth, AB, of
close to f,/2. The electronicall
variable delay is obtained by varyin?
the clock frequency, The maximum
time delay, r.max, for a ccp delay line
is independent of the number of stages
and is limited by the dark current gen-
eration rate. The practical upper limit
for 7.max at room temperature is 04
to 1.0 s. For example, audio delay of
10 to 20 ms with AB of 20 kHz (hi-fi-
delity delay for quadrasonic speaker
synchronization) would require f.=4
kHz and N=400 to 800 stages.

Since ccp’s can store and transfer andf)
log signals under the control of exter-
nally applied clock pulses, they can be
used as basic components for sorting,
switching, and processing of analog in-
formation. Examples of such applica-
tions are serial-to-parallel and parallel-
to-serial conversion, time synchroniz!
tion and time conversion (compression
or expansion), and transversal filters.
For example, parallel-to-serial conver-
sion of N elements can be obtained by
simultaneous parallel loading of a ccp
shift-register by N input circuits. On
the shift-register is loaded, the clock
is actuated and the N elements are
readout serially at the ccp output.
Time conversion can be achieved us-
ing a ccp shift register by reading in
data at one clock rate and reading 02,16
at another higher (compression)
lower (expansion) clock rate. The
transversal filters can be used to im-
plement a large class of transfer func-
tions, for example, matched filters.
The operation of the transversal filter
consists of weighting and summing
parallel signals tapped from various
points along the analog delay line.

Charge-coupled image sensor
applications

The ccp concept has introduced a
revolutionary new approach to thdl
design of self-scanned solid-state image
sensors. We will refer to such a device
as a charge-coupled imager (cc1). One
can think of the ccp as the semicon-
ductor equivalent of an electron-beam
tube in which the charge signal can b
moved (transferred) and stored under
the control of the clock voltage pulses
free of pick-up and switching tran-
sient. The only limitations on the
charge-coupling process comes about
because the charge transfer is not

®




100% complete. The finite transfer
loss (inefficiency) results in some dis-
tortion of the signal, and introduces
~ transfer noise. As will become appar-
& ¢ from the following description of
known ccr arrays, the pick-up from
the clock voltages is limited to a single
output stage.

Two ways by which the optical signal

@ can be introduced into the'ccr are
illustrated in Fig. 9. The optical input
can be introduced from the top of the
substrate through the spaces between
non-transparent metal gates (Fig, 9a).
Top illumination of the ccr is also pos-
sible by transmitting the optical input
¢ through transparent gates such as thin
polysilicon. An alternate approach
(Fig. 9b) consists of thinning the sub-
strate in the optically-sensitive area
and applying the optical input from
the back side of the substrate. Fig. 9
Y also illustrates two ways by which the
output can be removed from the cci
array. Output-1 is the current output
derived from the drain diffusion D.
The low impedance output-2 samples
the voltage of the floating diffusion F
and is proportional to the charge sig-
@ nal. Let us assume now that an opti-
cal input is applied to such a ccp
register while the clock voltages are
adjusted so that one potential well is
created at each stage along the ccp
channel. As suggested in Fig. 9a, the
photogenerated charge will collect in
‘these wells during the optical integra-
tion time. At the end of the integration
time, the accumulated charge packets
representing the integrated optical
input are shifted down the ccr register
and detected by a single output ampli-
@ ficr. To prevent smearing of the image,
the optical integration time should be
much larger than the total time re-
quired to transfer the detected image
from the ccp line sensor. Since all
charge elements are amplified by the
same amplifier, non-uniformities—
usually a problem in optical arrays in
which each sensor elements uses a
separate amplifier—are avoided. Since
there is no direct coupling of the clock
voltages to the charge signal in the
cep channel, the clock pick-up is lim-
@ited only to a single output stage. In
addition, since only the clock fre-
quency, which is outside of the video
bandpass, is used in ccp transfer, clock
pick-up is not the problem as it is in
x-y scanned arrays where one of the

clocks occurs at the horizontal line
frequency and cannot be removed by
appropriate filtering.

A more effective ccp line sensor (or
ccr line array) is shown schematically
in Fig. 10a. Here, the optical input can
be continuously integrated by the
linear array of photodiodes. During
the operation, the detected line image
is periodically transferred in parallel
to the ccp register from where it is
read-out serially. It is essentially an
analog parallel-to-series converter,
with time-integrated optical input and
electrical output. A dual ccp-channel
line-sensor is shown in Fig. 10b. The
operation of this cc1 is the same as for
the line sensor described above except
that the detected image is transferred
into two parallel ccp registers and
then combined into a single output
line. The advantage of the dual ccp-
channel line-sensor over the line-
sensor shown in Fig. 10a is double
resolution.

One way of implementing an area ccI
is illustrated in Fig. 11. This array can
be visualized as a parallel array of
the previously described linear arrays
whose outputs are transferred in paral-
lel into a single output register. The
operation of this ccr is as follows.
Once every frame time the charge sig-
nal detected by the photodiode array
is transferred into the vertical ccp
channels, which are not photosensi-
tive. Then, the entire detected image
is shifted down in unison by clock A
and transferred into the output register
one (horizontal) line at a time. The
horizontal lines are then transferred
out from the output register by the
high frequency clock B before the next
horizontal line is shifted in.

Another frame transfer ccr that does
not require separate photosensors is
shown in Fig. 12.°7 In this cci, the
photosensor function is performed by
an additional photosensitive ccp array.
This system is composed of three func-
tional parts: the photosensitive array,
temporary storage array, and the out-
put register. The optical image is de-
tected by the photosensitive array.
Then assuming a Tv format with 1/60-s
frame time, the detected image is
transferred into the temporary storage
array by clocks A and B, during the
vertical blanking time, (900 us). From
there, it is shifted down one horizon-
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Fig. 9—Crossectional view of (a) top (front)
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Fig. TO—Charée-coupled line
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channel; (b) with two parallei

CCD channels.
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Fig. 13—Horizontal line-by-line transfer CCI.

tal line at a time into the output regis-
ter and transferred out by the high
speed clock C. The time available for
parallel loading of the output register
corresponds to the horizontal line re-
trace time of 10 ws, which leaves 50
us for the read-out of the horizontal
line from the output register.

A third type of ccp area array (Fig.
13) was made originally at RCA Lab-
oratories using bucket-brigade shift
registers.”™ This system consists of
parallel array of photosensitive, hori-
zontal, ccp channels, all leading into a
single output register. This ccr oper-
ates by transferring, under the control
of the vertical clock generator, one
horizontal line at a time, from the pho-
tosensitive ccp array to the output
register and out.

The frame-transfer system with tem-
porary storage array has been chosen
for the development of a two-phase
ccl TV camera. Although this system
requires somewhat larger area of sili-
con than the other two systems, it can
be designed with known ccp tech-
niques. Using design rules applied to
our existing two-phase ccp, this sys-
tem can be implemented with optical
resolution elements on 1.2-mil centers.
A device with blooming control and
an electronically variable exposure
time can be constructed more easily
with the frame transfer system. How-
ever, unlike the charge-transfer system
with separate photodiode arrays, it
requires back-side illumination for effi-
cient operation.

In addition to the advantages of solid-
state construction offering small size,
rugged construction, long life, and low
power dissipation, CCI TV cameras
should be relatively low-noise sensors
—about an order of magnitude more
sensitive than the silicon vidicon.
While the sensitivity of the silicon vidi-
con is limited by the output capaci-

tance (10 to 20pF), the output capac-
itance of a ccI can be about two ordets
of magnitude smaller, 0.1 pF. Analysis
shows® that the sensitivity of the cct
designed with the output amplifier in-
tegrated on the same chip should be
limited by the transfer noise associated
with the charge trapped by the fast
interface states in the surface channel
ccp, and the shot noise due to the
background charge either thermally
generated as the dark current, or in-
troduced as a “fat zero” to eliminate
the interface state losses.

Digital storage applications

One of the potentially attractive digi-
tal applications of the ccp is an inex-
pensive bulk digital storage. However,
unlike the case of analog processing
and image sensing devices where the
cep offers a new technology previously
not available, the ccp must now com-
pete in price and performance with
other storage devices. Using com-
parable layout rules, the ccp offers
packing density advantages only about
2 to 4 over the dynamic MOs mem-
ories.” However, except for the signal
regeneration and input/output stages,
the ccp memories can be made with-
out diffusions and contact openings.
This implies that eventually ccp mem-
ories can be made with much higher
packing density as well as higher yield
and larger chip sizes than will be pos-
sible using Mos circuits.

Charge-coupled shift registers are
basically analog devices with no signal
gain mechanisms. To use these devices
for storage of digital signals, it is nec-
essary to periodically refresh or to
regenerate the charge signal. Simple
charge regeneration, such as shown in
Fig. 14, can be laid-out in an area no
larger than the area required for 2 to
4 stages of shift register.’

Various system organizations can be
considered for the construction of
charge-coupled memories. The choice
of the system organization depends on
the desired system performance. Two
types of systems in the form of a single
large-storage loop per chip are illus-
trated in Fig. 15. As is shown, the
signal flow in system A follows a ser-
pentine pattern and has signal refresh-
ing stages at each corner. The system
B on the other hand is in the form of
two serial and one large parallel shift
register as well as a single signal re-
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Fig. 14—Schematic cross-section of two
CCD shift registers with simple charge re-
generation scheme using a floating diffusion.

generation, similar to the frame trans-
fer cci shown in Fig. 12. Two-phase
charge-coupled structures are needed.
for an efficient design of system A.
The system B on the other hand could
be constructed with either two-phase
or three-phase structures. At this point,

it should also be noted that the frame-
transfer cc1 with a separate store can
be designed so that it can also be oper-@@
ated as a digital store, or as an elec-
tronic camera for digital images.

The system organizations for obtain-
ing more parallel operation, smaller
storage loops, and shorter access time
are shown in Fig. 16. The addressinggy
of the individual storage loops in sys-
tem C is accomplished by a decoder.
Still more parallel organization with
smaller storage loops addressable by
an x-y matrix switch is illustrated by
system D. As in the case of system A,
two-phase or uniphase charge-coupled.
devices will also lead to a more effi-
cient design of systems C and D.

Finally, the most parallel memory is
system E, shown in Fig. 17. This
system represents the charge-coupled
version of one transistor-per-bit re
freshable memory. The signal is stored
in single charge-coupled elements that
are periodically gated by the word
lines into the digit-line diffusions. Each
digit-line drives a signal-regeneration
or sense amplifier whose output re-
generates the information in the se-
lected bit location and also may be
gated-out. The main difference is that,
in systems A through D, the signal-
regeneration amplifiers are driven by
high impedance charge-coupled stor-
age loops. Thus, high packing density®
can be accomplished since relatively
high voltage (on the order of several
volts) is available at the low capaci-
tance input of the signal regeneration
for small charge signals representing
the information. However, system E.
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has a large number of individual
charge-storage elements connected in
parallel to a single regeneration am-
plifier. Therefore, the input voltage
Yavailable to the sense amplifier is at-
tenuated by the capacitance divider
corresponding to a relatively small
storage capacitance and a consider-
ably larger capacitance associated with
digit-line amplifier input.

@Our analysis of the transfer of the free
charge indicates that the maximum
bit rate for such serial memories may
be in excess of 10° bits/s. The chip
selection and other signal switching
may, however, impose a practical

‘Jpper limit on the bit rate in the range
between 10° to 10 bits/s. Assuming a
packing density of about 1 square mil
of silicon per bit of storage, the charge-
coupled serial memories may be con-
structed with about 40 kilobits on a
single chip of silicon having dimen-

®ions of about 200%200 mils. The
above packing density involves more
or less state-of-the-art circuit layout
rules. Therefore, considerably higher
packing density may be achieved by
employing high resolution processing.

@ nother attractive feature for a large-
capacity charge-coupled serial memory
is a rather low power requirement if
the high-frequency phase-voltage
pulses are applied only to the selected
shift registers while the unselected

itorage loops are idling at a much
ower clock rate. Assuming a channel
oxide of 2000A and an area of one
charge-coupled electrode of 107cm?,
the corresponding capacitance of each
phase electrode is about 1.76x10°* F.
For the phase voltage of 10V, the re-

@ctive energy per phase for one bit
storage is about 2X107™ J. For a clock
rate of 107 bit/s, the reactive power is
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@ 15—Two types of memory systems using
single storage loop.

estimated as 20 uW per bit. If we as-
sume that for a 10°%bit memory no
more than 10° bits are operating at
any time at the rate of 107 bits/s, the
clock power required for the selected
chips will be 2W. The total standby
power for the 10%bit memory will also
be 2W if the idling clock rate for the
unselected chips is chosen as 10* bits/s.

Conclusions

Although the ccp concept is not quite
three years old, the operation of these
devices is quite well understood, and
has been experimentally verified.
Charge transfer efficiencies of 99.99%
have been achieved. A number of ap-
plications in the area of analog signal
processing, image sensors, and digital
memories are in the process of de-
velopment. Some examples of ccp
products that may soon become com-
merically available using present LsI
technology are electronically-variable
analog delay lines and low-resolution
image sensors (100x 100 elements). It
is expected that the development of a
full resolution cc1 Tv camera (500%
500 elements) should provide the im-
petus for the achievement of a “giant”
chip LsI technology.
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