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GLOSSARY OF SYMBOLS

gain of recirculating CCD loop.

buried-channel CCD.

capacitance of dark-current subtraction stage gate

GDCSZ (Fig. 11).

floating-diffusion reset drain (Fig. 10).

drain of floating~diffusion amplifier output MOS device
(Fig. 10).

drain of dark-current subtraction stage.

drain of floating-gate amplifier output MOS device (Fig. 9).

electronic charge (1.6 x 10-19

coulomb).
bulk-trapping:state energy level.

fractional charge loss per transfer.

first-order ¢.

second-order €.

first-order ¢ and second order e, respectively, due to
regeneration stage.

first-order € occurring in regeneration stage when signal
charge is separated from trailing bias charge.
first-order ¢ on leading and trailing edge of a signal
pulse, respectively.

CCD clock frequency.

second-level polysilicon gates on both sides of the floating

gate in the floating-gate amplifier (Fig. 9).

input-signal barrier gates of the charge preset input stage
for introducing Qs and QTB’ respectively (Fig. 7).
signal-storage gate (Gz) and' the output-barrier gate (G3)
of the charge preset input stage (Fig. 7).

= dark-current subtraction stage storage gate powered by ¢1.
= gtorage and transfer gates for separating Qs and QTB in
the signal-regeneration stage (Fig. 8).
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Cpcs1® Cpes2e

and GDCSS

Cpgs 2nd Gpop

Gs

Ipes

*ncs1® *pcs2’
and ¢p003

*epT
%our Vour

= clock voltages applied to gates G

gates of the dark-current subtraction stage (Fig. 11).

storage and transfer gates of the charge combining well in
the signal-regeneration :tage (Fig. 8).

first-level polysilicon gate extending the source diffusions
slA and slB to the gates GlA and GlB'

drain current in dark-current subtraction stage (Fig. 11).
fraction of charge removed from loop by proportional charge
subtractor.

number of signal-regeneration stages.

number of transfers between low-~loss signal-regeneration
stages.

total number of transfers in a CCD register (N = nM).

rms noise due to N-charge carriers with Gaussian distribution.
density of bulk-trapping states [cm.3].

two-phase clock (applied to storage and transfer gates,
respectively).

two-phase clock (applied to storage and transfer gates,
respectively).

clock for regeneration of the trailing bias charge (applied
to gates GBCS and GBCT’ respectively, in Fig. 8).

pcs1® Spes2® 24 Cpess:
respectively, in the dark-current subtraction stage (Fig. 11).
floating-diffusion output transfer pulse (Fig. 10).

voltage applied to floating-diffusion output gate (Fig. 10).
recirculation transfer pulse (Fig. 10).

clock for combining Qs with QTB in signal-regeneration stage

res 284 Cper
subtracted dark-current charge at each clock cycle.

(applied to gates G , respectively in Fig. 8).

signal charge ('zero' and 'one' signal charge levels,
respectively).
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Qg

(Qpgg and Qpy,)

S;, and S

s/n

trailing bias charge (following Qs0 and QSI' respectively).

charge signal (Fig. 12, Fig. 16).

input-source diffusions for introduction of Qs and QTB’
respectively (Fig. 7).

signal-to-noise ratio.

source of the output MOS device in the floating-gate
amplifier (Fig. 9).

trailing bias (Fig. 12).

total delay time.

emiesion and trapping time constants, respectively, for bulk-
trapping state.

bias voltages applied to the low-loss CCD. See Appendix A,
Table A~1 for complete list of bias adjustments.
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EVALUATION

1. This report is the Final Report on the contract. It covers research
done on low-loss CCD devices during the contract period from 15 May 1977

to 15 November 1978. The objective of the research is to investigate the
possibility of operating very long CCD delay lines with an effective charge
transfer loss on the order of 10-7 per transfer and a time delay-bandwidth
product on the order of 106. Closed loop CCD structures were operated in
the low-loss mode by periodic signal regeneration. The closed-loop low-

loss CCD can be operated as a synchronous signal correlator with signal to

noise ratio improvements from -5.5db to 12db.
2. The above work is of value since it provides basic knowledge for the
fabrication of new devices for accomplishing signal processing in Communi-
cation and Radar Systems.

MpZ (74% €
BENJAMIN R. CAPONE
Préject Engineer i




SECTION I

INTRODUCTION

The general objective of this program was to investigate the possibility
of operating very long CCD delay lines with an effective charge transfer loss
on the order of 10-7 per transfer and a time-delay-bandwidth ptoduct on the
order of 106. To accomplish such an improved figure of merit for CCD delay
lines, we have proposed a concept of a low=loss CCD by which we have (1) re-
duced the transfer losses in a CCD delay line by two orders of magnitude over
those in a conventional buried-channel CCD, and (2) we have proposed a technique
for subtraction of the thermally generated dark current which increased the
maximum delay time in a CCD structure also by about two orders of magnitude.
The low-loss CCD concept consists of operating a CCD structure with each signal-
charge well followed by one or more trailing-bias-charge wells. The function
of trailing bias charge is to keep the trapping states in the CCD channel filled.
A very low effective transfer loss is achieved by periodically recombining the
charge transfer losses collected by the trailing-bias-charge wells with the
corresponding signal-charge packets at low-loss signal-regeneration stages. By
adjusting the level of the trailing bias charge to be above the signal-charge
level, we can guarantee that the effective transfer losses in a low-loss CCD
are reduced to the second-order trapping losses encountered by the trailing
bias charge due to the modulation of the trailing-bias-charge level by the
first-order trapping losses experiencad by the signal-charge packets.

To demonstrate experimentally the low=loss CCD concept and the dark-current
subtraction technique we have designed, fabricated, and operated a 256-stage
and a 1024-stage closed-loop low-loss CCD. The closed-loop CCD structures have
the following features:

e Two parallel inputs are provided for each loop. One of the inputs is
used to sample the input signal and the other input is used to form the trail-
ing bias charge following the signal-charge packets.

e Each loop has one floating-diffusion output with a signal switch. The
voltage pulses applied to the signal-switching gates determine whether the
signal is to be circulated in the loop or transferred out of the loop via the
floating-diffusion output stage.




o

e Two independently clocked, low-loss signal-regeneration stages are
placed in the larger, 1024-stage loop. One signal-regeneration stage is in-
cluded in the smaller, 256-stage loop. This will enable us to study the
performance of the low-loss CCD operation with signal regenerations after 512,
1024, and 2048 transfers. \

e Two floating-gate, nondestructive signal-sensing stages are placed in
each loop on both sides of the low-loss signal-regeneration stage. In the case
of the 1024-stage loop, only one signal-regeneration stage has the associated
floating-gate output stages.

e Each loop is constructed with a dark-current subtraction stage. The
dark-current subtractor is designed to remove a fixed amount of charge out of
the CCD loop. The dark-current subtractor can remove the charge, but not the
noise introduced by dark-current generation.

e The dark-current subtractor has been designed so that it can also be
operated in the charge proportional mode. In this mode of operation, it will
allow removal of 25X of the charge signal out of the loop.

e Each loop has a merged input junction to allow the addition of the in-
put signal to the signal already circulating in the loop.

Section II of this report describes the design, construction, and the
operation of the low-loss CCD test chips. Section III describes the experi-
mental results obtained in the operation of the closed-loop low-loss CCDs in-
cluding an experiment in which the 256-stage closed-loop low-loss CCD is oper-
ated as a synchronous signal correlator. A simplified analysis of the transfer
losses due to the second-order charge trapping in the low-loss CCD is given in
Section IV. The design and operation of the tester built for the operation of
the low=loss CCD loops are dcsgribed in Appendix A. A more rigorous analysis
of the transfer losses in a low-loss CCD due to bulk-trapping states is pre-
sented in Appendix B.

PR POTETE SRR TR 7




SECTION II

LOW-LOSS CCD TEST CHIP

A. GENERAL DESCRIPTION OF THE LOW-LOSS CCD TEST CHIP

To study the characteristics and the performance of the low=loss CCD
concepts (1], we have designed, fabricated, and operated a low-loss CCD test
array, TC1230. This test array actually includes two separate 4.95 mm x
2.15 mm test chips shown in Figs. 1 and 2. The photomicrograph in Fig. 1 shows
the test chip TC1230A containing a 1024-stage closed-loop low=-loss CCD. The
photomicrograph in Fig. 2 shows the test chip TC12308B containing a 256-stage
closed-loop low-loss CCD and a number of process control test devices. The
labeled photomicrographs of the two closed-loop low-loss CCD test chips bonded
in 48-pin dual-in-line packages are shown in Figs. 3 and 4.

The low-loss CCD test chip was processed following our standard two-level
polysilicon n-channel buried-channel CCD (BCCD) technology with non-self-aligned
n+ diffusions, p+ channel stops, 1000-8-thick channel oxide, and n+ polysilicon
gates processed with phosphorus—-doped reflow glass. The BCCD channels are
25 ym wide. The gate structure has 10-um polysilicon gates with 5-um spaces,
thus resulting in 30-um-long CCD stages. The closed-loop CCD structures were
designed to operate as a two-phase CCD with a dc offset voltage to be applied
between the storage gates and the transfer gates, i.e., between the clock
phases °1s and °1T’ as well as °ZS and ¢2T' The charge-corners of both closed
loops were designed for a complete charge-transfer operation with the available
two-phase CCD clocks.

B. FEATURES OF THE CLOSED-LOOF LOW-LOSS CCDs

The schematics of the 1024~stage and 256-stage, closed=-loop CCDs are shown
in Figs. 5 and 6, respectively. Except foc the fact that the larger closed-loop
structure has two low-loss signal-regeneration stages, both of these structures

have the same features described below.

1, W. F. Kosonocky and D, J. Sauer, "CCD Long-Time Delay Line," Air Force
Systems Command Contract No. F19628-77-C-0176, Scientific Interim Report,
RADC-TR=-78, July 1978.
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l. Input Structure

The detailed layout of the input structure of the closed=loop CCDs is
shown in Fig. 7. Two parallel input channels are provided: one is for the
signals, and the other is for introducing the ‘trailing bias charge between the
signal samples. These input channels have a channel width of 35 um to provide
sufficient dynamic range for a full well in the main CCD register. The inputs
: are operated using standard charge preset (fill-and-spill) with a negative
pulse on the input-source diffusions.

—
- ’dﬂ"

Figure 7. Layout of parallel inputs and merged input junction.

The input signals are introduced iuto the closed-loop CCD at the merged

1 input junction. This junction is designed to operate as a signal adder. Thus,

if the closed loop is empty, a new signal can be introduced into the loop.
However, the input signal can also be added to a signal already circulating in
the loop. The direction of the signal flow is built into the merged input
junction as designated by the arrows in Fig. 7,




2., Low-Loss Signal-Regeneration Stage

The detailed layout of the low-loss signal-regeneration stage #1 shown in
the photograph in Fig. 1 is illustrated in Fig. 8. To increase the charge-
handling capacity of the potential wells carrying the signal charge combined
with the trailing bias charge, the width of the CCD channel at this stage was
increased from 25 to 37.5 um and the length of the storage gates GRGS and Gls
was increased from 10 to 15 um.

.

¢cco
<FH==CHANNEL
S

J b ¢

7 |
*}QMS

T |

i

Figure 8. Layout of the low-loss signal-regeneration stage.

Another design feature of the signal-regeneration stage that should be
mentioned is the increased length of the trailing oias-charge generating trans-
fer gate, GhCT' The length of this gate was increased from the typical value
of 5 ym to 10 um. The longer barrier formed under this transfer gate is pro-
vided to give lower charge-transfer loss at this incomplete charge transfer
wvhich separates the signal charge from the trailing bias charge.
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The two low-loss signal-regeneration stages in the 1024-stage loop are
laid out for operation with separate clock pulses. Thus, this loop can be
operated either with one or two low-loss signal regenerations. Of course,
there is always the possiblity of operating the closed loop as a conventional
two-phage CCD not involving the low-lose signal regeneration. The operation

of the low-loss signal regeneration is described in Section II.C,
3. Floating-Gate Outputs

Two floating~gate, nondestructive signal-sensing stages are placed in
each loop on both sides of the low-loss signal-regenargtion stage. In the
case of the large loop, with a 1024-stage, two-phase CCD, only one signal-
regeneration stage has the associated floating-gate output stages. The layout
of the floating-gate output stage is illustrated in Fig. 9. The signal-sensing
floating gate of this stage can be periodically reset to a reference potential
VFG by a clock pulse ¢FG' The function of two externally controllable dc levels,
FGl and FG2, is to provide isolation from the two-phase clocks and to assure a
complete charge transfer at this floating-gate output [2].

4. Floating-Diffusion Output

The signal is removed from the closed-loop CCDs by the floating-diffusion
output stage. This stage provides the destructive readout from the loop. The
layout of the floating-diffusion output stage is shown in Fig. 10. The floating-
diffusion output is controlled by the transfer pﬁlaes °FDT (floating-diffusion

transfer) and ¢REC (recirculation transfer) operating in conjunction as comple=-
mentary pulses,

5. Dark-Current Subtraction Stage

Each loop is constructed with a dark-current substraction stage illustrated
by the layout shown in Fig. 11. The operation of this stage, which can be ad-
justed to remove a fixed amount of charge from the loop, will be described in

Section II.E, This dark-current subtraction stage, however, can be operated

also as a proportional charge subtractor. In this mode of operation, this stage

will allow a removal of 25X of charge from the signal-charge packets and/or

2, W. F, Kosonocky and J. E. Carnes, "Basic Concepts of Charge~Coupled Deviees,"

RCA Rev. 36, 566-593 (1975).
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the trailing bias-charge packets. The operation of the dark-current subtraction
stage operating as a proportional subtractor has not been tested,

C. OPERATION OF LOW-LOSS CCD

The low-loss CCD concept is based on operating a CCD register in such a
way that each signal-charge well is followed by at least one trailing well.

The function of the trailing well (or wells) is to collect the charge left

behind during each transfer of the signal-charge packet. Then, periodically,

after a number of ttansfers,ﬁthe charge collected by the trailing wells is

recombined with the corresponding charge-signal packet =: a low-loss signal-

regeneration stuge. Therefore, a low-loss CCD with one trailing well follow-

ing each signal-charge well will recover the first-order transfer losses, i.e,
the losses of the first loss trailer of a conventional CCD register.

The relatively constant transfer losses in surface-channel and buried-
channel CCDs at the intermediate and low clock frequencies are attributed to

13




the "edge-effect" type of charge trapping [1-6]. Therefore, to achieve the

best performance, the trailing wells should contain a large bias charge (fat

zero) that is adjusted to be larger than the maximum charge in the signal wells.

Such a large bias charge placed in the trailing wells between each signal well

is expected to have the maximum effect on maintaining the trapping states of

the CCD channel filled, hence, minimizing the edge-effect losses. It should

be noted that the charge left behind in each transfer of the large bias charge

will be practically the same at each stage. Therefore, such steady-state transfer

loss of the large trailing bias charge will not appear as the transfer loss of

the signal, but rather as a small shift of the signal~bias-charge level. At this

point we should also add that for the optimum performance the signal wells should

also contain a certain amount of bias charge in addition to the signal charge.
The operation of the low-loss signal-regeneration stage consists of first

recombining the signal charge with its respective trailing bias charge and

then separating the signal from a regenerated (reshaped) trailing bias charge.

Therefore, the effective tranﬁfer losses of a low-loss CCD operating with one

trailing bias charge are due to the second-order trapping losses resulting from

the modulation of the trailing bias charée by the first-order trapping losses

of the signal charge. For further discussion of the nature of the effective

transfer losses of a low-loss CCD see Section IV and Appendix B.

D. LOW-LOSS SIGNAL REGENERATION

The construction and operation of a low-loss signal-regeneration stage is
illustrated in Figs. 12 and 13. The charge-coupling structure of the signal-
regeneration stage is shown schematically in Fig, 12(a) in the form of a two-phase

3. W. F. Kosonocky and J. E. Carnes, "Design and Performance of Two-Phase

Charge-Coupled Devices with Overlapping Polysilicon and Aluninum Gates,"
Digest of Technical Papers, 1973 International Electron Device Meeting,
Washington, D.C,, 123-125, Dec. 3=5, 1973,

. C. H. Sequin and M, F. Tompsett, Charge Transfer Levices (Academic Press,

New York, 1975), pp. 70-108.

5. M. F. Tompsett, "The Quantitative Effects of Interface States on the Per-
formance of Charge-Coupled Devices,'" IEEE Trans. Electron Devices ED-20,
45-55 (1973).

6. A. M. Mohsen and M, F, Tompsett, "The Effects of Bulk Traps on the Per-
formance of Bulk Channel Charge~Coupled Devices," IEEE Trans. Electromn
Devices ED-21, 701-712 (1974).
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CCD. The transfer of the charge packets in and out of the signal-regeneration
stage is illustrated in Fig. 12(b) by means of channel potential profiles at
time instants (tl':2't3't4't5' & ci) which are indicated on the clock waveforms
shown in Fig. 13. To explain the operation of the low-loss signal-regeneration
stage, we will focus our attention on the transfers of signal charge S1 and

its trailing bias charge (fat zero) Tl. The signal-regeneration stage first
combines the signal charge S1 with the contents of the trailing well, which

in addition to the trailing bias charge Tl' also contains the first-order

1 is
separated from its trailing bias charge Tl' To accomplish the above functions
two additional clocks, ¢RG and ¢Bc' are required. The clock ¢RG delays the
signal charge S1 by one clock cycle, i.e., from time t; to tg. Because of this
delay at time t3, the signal charge S1 is combined with the trailing bias charge
Tl and the first-order transfer losses contained in the trailing well. At time

transfer losses. Then, one clock cycle later the regenerated signal S

tys the combined charge (s1 + Tl) is transferred to the adjacent potential well
induced by clock ¢1. Note, however, that the adjacent CCD well is pulsed by a
double-frequency bias-charge generating clock ¢Bc' The result is that at time
t, the signal charge, Sl. is skimmed by the potential barrier formed under the
transfer gate and stored in the storage well formed by ¢BC' Then at time tg
the signal S1 is advanced forward to an empty well powered by the adjaceat ¢1
clock. The function of the clock ¢BC is to establish a transfer barrier VBC
which leaves a regenerated trailing bias charge in the well induced by the

clock ¢1. The beginning of the next cycle of the signal-regeneration stage is
illustrated at time t'l.
In general, the signal-regeneration stage described delays tne signal, Sl’
at time t3 by one clork cycle. This delay results in combination of the signal
Sl with its trailing bias charge Tl. Also at the same time an empty well is
generateu at the following well. The signal S1 is advanced by one cycle (at
times t, and ts) by the double frequency trailing-bias-generating clock ®ac
(see Fig. 13) and transferred into this empty well.* At this point it should
be noted that the same besic operation can also be obtained by using a slower
*The operation of the signal regeneration described here differs from that
reported in Ref. 1. In the case of Ref. 1 the signal regeneration result

is a net delay of the signal by one clock cycle, while in the present case
there is no such additional delay.
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clock OBC' shown in Fig. 13, The OBC' clock may be preferable for operation
of the low-loss CCD at higher clock frequencies.
Referring to the channel potential profiles in Fig. 12(b), we see that

' the signal charge, Sl' is always followed by the trailing bias charge Tl'

\ except during the transfer at time tye At this transfer the first-order
transfer loss, €15 results in a net transfer loss of °1Q81' that, at time t'l

. will be combined with the following signal charge, QSZ' Another charge transfer
also involving first-order trapping loss that requires special attention is the
transfer at time t'l which separates the trailing bias charge Tl and the signal
charge 51' This transfer is referred to as an incomplete (or bucket-brigade
type) charge transfer [2,7]. To assure higher charge-transfer efficiency at
this point, the transfer gate powered by °BCT and generating the barrier potential
VBC was designed longer (10 um long) as shown in Fig. 8. Experimental results,
however, showed that even with the above modification we have about 0.7% charge
transfer loss at this transfer. This transfer loss was reduced to 0.1% by an
externally modified clock ¢BC so that skimming of the signal charge (as shown
at t, in Fig. 12(b)) and dumping it into the next empty well (as shown at time
ts in Fig. 12(b)) was repeated twice:* the first time, to transfer most of

the charge QSl’ and then again to measure-off the trailing bias charge with an
approximately empty storage well under the clock QBC' The results of this test
are described in Section III.D.3.

E. DARK-CURRENT SUBTRACTION

The construction and operation of a dark-current subtraction stage are
illustrated in Fig. 14. The cross-sectional view of one gate of a CCD register, '
Gls’ and three gates of the dark-current subtraction stage are illustratud in L
Fig. l4(a). Operation of the dark-current subtraction stage is illustrated by y
the channel potential profiles shown in Figs. 14(b), (c) and (d). 1In Fig. 1l4(b),
the charge signal introduced into the storage gate Gls of the CCD register spills
over into the potential well under the gate GDCSZ' Then, in Fig. 1l4(c), the
charge signal 1s_gpilled back into the potential well under the gate Gls while

7. W. F. Kosonocky and J. E. Carnes, "Two-Phase Charge-Coupled Devices with
Overlapping Polysilicon and Aluminum Gates," RCA Rev. 34, 164-202 (1973).

*The modified double ¢pc 1s not included in the tester described in Appendix A.
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Figure 14. Construction and operation of the dark-current subtraction stage.

a small, fixed amount of charge QDc 1s left behind in the potential well under
the gate GDCSZ' Finally, as shown in Fig. 14(d), the charge subtracted from
the CCD channel, QDC’ is spilled to the drain VDD' This operation can be
accomplished at the same time as the signal charge is transferred out from the
well under the gate Gls'
Assuming that the same type of surface channel is constructed under all

the gates in Fig. 14(a), the charge QDc removed by the above process is

%c = ®pes2 (Ybes2 = Voes1) | Q)

where cDCSZ is the capacitance of the gate GDCSZ' For a buried-~channel CCD,
cDCSZ will represent an effective capacitance associated with the gate GDCSZ'
The only requirement of the above charge-scooping operation is that the charge
QDC be constant and independent of the signal-charge magnitude. Also, for any
given long CCD delay line, the magnitude of the charge QDc to be removed from
the CCD structure should be controlled by a self-adjusting feedback circuit,
This was done in the operation of the closed-loop CCD devices, described in
Section III,
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Since the dark-current subtraction stage removed a fixed amount of charge

from a CCD structure, it can suppress the effect of the dark current on the

reduction of the charge-handling capability of the CCD wells. But, it is not

expected to remove the ghot noise generated by the dark current. In fact, the

process of the dark-current subtraction will also introduce a kTC noise (8].

Let us assume that the full-well signal charge in a buried-channel CcCD

corresponds to 106 charge carriers and has s/n = Sx103. Now, if this CCD is

each removing 10X of full
total generated dark-current charge
The resulting rms noise will be

operated with 10 dark-current subtraction stages,
well of dark-current generated charge, the
will correspond to 106 charge carriers.

N, = Y108« 10°, @)

and the s/n will be decreased to

s/n = 103 . 3)

Now, let us assume that the time delay is increased 100 times by operating
the above CCD as a closed-loop structure with 100 signal recirculations. The
resulting shot noise introduced by the dark current should be increased to

l, 8 4
Nrnl = 410" = 10 (4)

and the s/n should be decreased to

s/n = 100 ()

The above analysis, however, does not include the reduction in the noise

due to the time-dependent bandwidth limited operation because of the transfer
losses in the operation of the low-loss CCD with very many transfers. Our
experimental results (see Section III.D) show that when the closed-loop CCD

is operated with the dark-current subtraction in the loop, adjusted to remove

8, J. E. Carnes and W, F, Kosonocky, "Noise

Sources in Charge-Coupled Devices,"
RCA Rev, 33, 327-343 (1972).
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the thermally generated dark current, the shot noise due to the dark current
does not increase progressively but rather tends to saturate at a relatively
low value. The result is that the closed-loop CCD structure can be operated
continuously with a closed loop without developing appreciable dark-current
noise (see Section III.D for more discussion of this effect).

F. CLOCK WAVEFORMS FOR THE OPERATION OF THE CLOSED-LOOP CCDs

When operating in the low-loss mode, the 256-stage loop stores 128 signal-
charge packets, and the 1024-stage loop stores 512 signal-charge packets. The
exact positions of the output stages along the CCD delay line described pre-
viously are listed in Table 1. The merged input junction (under the QZS storage
electrode) is stage #1 (see Fig. 7), and subsequent stages are numbered in order
counterclockwise around the CCD loop. Note that from the dual-channel input
metering wells under gate 62 to the merged input junction, there is a two-stage
delay. Thus, the input may be considered to be at stage #-1 since these two
stages are not actually part of the closed-loop CCD.

- TABLE 1. LOCATIONS OF FUNCTIONAL STAGES

Position of Stage Along CCD Loops

256-Stage Loop 1024-Stage Loop

1. Dual-Channel Input (Fig. 7) =1 (¢,) =1 (¢,)
2. Merged Input Junction (Fig. 7) 1 (¢2) 1 (s,
3. Floating-Gate Output #1 (Fig. 9) 135 (¢2) 904 (¢2)
4. Signal Regenerator(s) (Fig. 8) 139 (¢2) (506)(¢ )

908 (02)
5. Dark-Current Subtractor (Fig. 11) 145 (01) © 914 (01)
6. Floating-Gate Output #2 151 (02) 920 (02)
7. Floating-Diffusion Output (Fig. 10) 233 (¢,) 1021 (¢,)

A simplified-timing diagram for operation of the 256-stage CCD loop is
sfiomn in Fig, 15. As described in Appendix A, thn CCD clock frequency f is
divided down to provide a LOOP SIZE signal (f /2 ) whose pulse width correaponda
to the length of the CCD loop (256 clock cycles), and a TOTAL DELAY signal
(fo /211) whose period determines the overall test cycle time. The leading
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Figure 15. Simplified timing diagram for the 256-stage closed~loop CCD.

edge of the TOTAL DELAY signal initiates Loop Cycle N during which ¢FDT is
pulsed for 256 clock cycles which reads out all of the charge stored in the
CCD loop via the floating~diffusion output stage. This period is followed by
Loop Cycle 0 during which new signals are introduced into the CCD register at
! the dual-channel input stage and charge is recirculated by pulsing ¢REC'
Figure 16 is a timing diagram for the 256~ and 1024-stage, closed-loop
CCDs operating in the low-loss mode. A more detailed timing diagram for Loop

Cycle 0 is shown in Fig, 17, The input signal is applied to gate GlA' In the
timing diagrams a data input pattern of 0 1 1 0 is used. Note that a 'l' level
corresponds to a more negative level on the input gate GlA and the negative S

1A
strobe pulses occur when ¢1-is off. The S1A pulses occur during even clock

cycle times aﬁd\SlB pulses (for introducing trailing bias charge in the second
1A and 128 S1
pulses occur during Loop Cycle 0. At the beginning of Loop Cycle 1, the

input channel) occur at odd clock cycle times., A total of 128 § B

slA’SIB pulses are inhibited and no further charge is introduced to the CCD
via the dual-channel input stage.

At the beginning of Loop Cycle 0, the transfer out of the floating~diffusion
stage ends by terminating the OFDT pulses, and the recirculation mode is started
by initiating the $REC pulses, In the 256-stage loop, the first signal §,
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Figure 17, Detailed timing diagram of loop cycle O in Fig. 16,

appears at the floating-gate output #1 during clock time 136 in each loop cycle,
and the blas charge trailing behind signal s1 appears at clock time 137 as
shown in Fig. 16. I

During Loop Cycle N the signals are transferred to the floating-diffusion h
output by applying pulses to ¢FDT and inhibiting OREC' The first signal to {
appear at the floating-diffusion output (during clock time 0) is Sz. Signal '
S1 appears during clock time 254 after signal 5128 at the end of the data
stream, This reordering of data is due to a two-stage differential delay :
between the input stage to the merged input junction and the floating-diffusion
output stage to the weirged input junction.

The timing for operation of the 1024-stage CCD loop is very similar to ;
that for the 256-stage CCD loop and is also shown in Fig. 16. In this case, &
a total of 512 signals are stored in the low-loss mode of operation. g

|




SECTION III

EXPERIMENTAL DATA ON THE OPERATION OF 256-STAGE and 1024-STAGE
CLOSED-LOOP LOW-LOSS CCDs

A. TYPICAL OPERATING WAVEFORMS

The actual clock waveforms used in the operation of the 256-stage and the
1024-stage closed-loop low-loss CCDs are illustrated in Fig. 18. The most
critically controlled waveform was the bias-charge generating clock QBC’ The
rise-time of this clock was adjusted to guarantee no overshoot. The upper
clock frequency of the clock waveform generator used in these experiments was
fc = 2.2 Misz.

Typical oscilloscope pictures of the output of the 1024-stage closed-loop
low-loss CCD detected at the nondestructive floating-gate are showm in Fig. 19.
Part (a) shows the detected output for seven recirculations of the signal fol-
lowed by dumping of the signal charge out oflthe loop via the floating-diffusion
output. Part (b) shows an expanded view of the detected signal after 14096
transfers in the loop. The detected signals in Fig. 19 consist of "one" signal-

charge level, QSl’ "zero" signal-charge level, QSO' and the trailing-bias-
charge level, QTB'

B. INPUT/OUTPUT TRANSFER CHARACTERISTICS

The input transfer curve shown in Fig. 20 illustrates the calibration and
the linearity of the dual input stage of the 1024-stage or the 256-stage closed-
loop CCD. This curve was obtained by operating the input stage (one channel)
in the standard ‘harge preset (fill-and-spill) mode with a dc bias applied to
the gate G2 and the input voltage, le' applied to gate GlA'

Typical floating-gate output characteristics measured for two different
1024-stage closed-loop low-loss CCDs (TC1230A) are shown in Fig. 21. In this
test we are comparing the signal charge, Qs' with the observed oscilloscope
waveform of the floating-gate output. The signal charge, Qs. was measured in
this test, as well as in the case in Fig. 20, by an electrometer. An inspec-

tion of Fig. 21 shows that the floating-gate output stage has a linear output
transfer curve.
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Figure 18. Pulser waveforms for clock frequency of (a) 0.55 Miz, i
and (b) 2,2 MHz,
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Figure 19. Output waveforms for 1024-stage closed-loop CCD operating in low-
loss CCD mode at (a) fc = 1.1 Miz with seven recirculations, and ;
(b) an expanded output signal after 14096 transfers. |
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C. TRANSFER LOSSES FOR STANDARD TWO-PHASE CCD MODE

The measured transfer loss as a function of clock frequency, fc, of a
256-stage closed-loop CCD operating in a standard two-phase CCD mode is shown
in Fig. 22. This data was obtained for closed-loop operation with 20% of
full-well bias charge (fat zero), and illustrates the first-order (standard)
transfer losses as a function of clock frequency due to the trapping of charge
by bulk states present in buried-channel CCDs. A more quantitative characteri-
zation of the charge-trapping losses due to the bulk-trapping states is pre-
sented in Fig. 23. The curves show the transfer loss of a leading signal "one"
in a string of "ones'" as a function of time between the string of ones for
operation with no bias charge in (a), and 20X bias charge in (b). This type of
double-pulse test can be used to identify the emission times and calculate the
densities of bulk traps in a BCCD [6]. Our data suggest the presence of two
traps with the fnllowing densities and emission times:

Q) N, = 3.6x10M en3
tl
Tel = 5.6 us
-8
5l|° I I 'TTllIr L rrTﬁlq 501 R ) | oty 1 T T VTNt
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4210 .
@ .."{
ge L \[
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® . i '
- -5 2
u&JZl'O ~ -
2 |7
< < le(;’ - -
o J 2t 1aaul [ N NN | L1l L4t
) 10 100 1000 10,000

CLOCK FREQUENCY (kHz)

Figure 22. Transfer loss for closed-loop 256-stage CCD operating with

a standard two-phase clock and 20% bias charge (fat zero)
as function of clock frequency.
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Figure 23. Transfer loss of the leading-edge signal charge in the double-
pulse trapping-loss test for 1024-stage open=loop CCD operating
with standard two-phase clock and, with (a) no bias charge (fat
zero), and (b) 20% bias charge.
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Te2 = 750 us

The transfer loss measurements for the data in Fig. 23 were obtained by
the operation of our 1024-stage device as an open-loop standard two-phase CCD.
A typical output waveform observed during this double-pulse test is shown in
Fig. 24.

D. TRANSFER LOSSES FOR LOW-LOSS MODE OF OPERATION

1. Performance of Closed-Loop Low=-Loss CCDs

The performance of the 256-stage closed-loop low-loss CCD is illustrated
by the waveforms shown in Fig. 25. As demonstrated by this figure we have

achieved an effective transfer loss of 2.5::10_7 per transfer. We define the
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Figure 24. Typical output waveform for double-pulse test of trapping losses

after 1808 :ransfers of open-loop 1024-gtage CCD operating with
standard two-phase clock fc = 1.1 MHz.

effective transfer loss of the low-loss CCD as the transfer loss of the leading

edge of an input pulse (the first "one" in a string of "ones"). The effective
low-loss CCD transfer loss is

Qg (1)
e o N(QSI-Q ) (6)
S1 SO

where AQSl(l) is the difference between the initial value of the “one" at the
input (i.e., as detected in the first recirculation) and the first "one" after
N transfers, QSI is the amplitude of the signal charge "one," and QSO is the

signal charge "zero." For the waveform in Fig. 25 we have used typical signal
levels with

Qo = 0-2 Qy

Qgy = 0.8 Qy

where QTB is the trailing bias charge adjusted Just below the full well of the
BCCD.
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Figure 25. Output waveforms of closed-loop low-loss 256-stage CCD
at £, = 1.0 Miz for Initial values of Q5o = 20 mV,
Q\'l = 80 mV, and Q'I'H = 100 mV.
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The observation of the waveforms shown in Fig. 25 indicates that the

transfer losses obtained in the low-loss CCD are about two orders of magnitude
lower than the transfer losses of the same device operating in the standard
two-phase CCD mode. Furthermore, the transfer losses of the low-loss CCD are
qualitatively different from the standard CCD losses. First, the low-loss CCD
losses appear to be symmetrical between the leading and the trailing edge of a
signal pulse, i.e., about the same transfer loss is observed for the first
"one" following a string of "zeros" as for the first "zero" following a string of
"ones." Secondly, when a pulse input is used, the detected output after a
large number of transfers (i.e., N on the order of 106) tends to have a long
rise time that is some nonlinear function of the emission times of the bulk
traps. A similar time constant is also present at the trailing edge of the
pulse. The effect of the long time constant on the output waveforms is illu-
strated in Fig. 26. Here, we show two output waveforms of a 1024-stage closed-
loop low-loss CCD in the double-pulse test at clock frequency of (a) 1.1 Miz,
and (b) 140 kHz. As shown in (a) a short pulse with a total delay time, T

of 0.2 s exhibits a transfer loss at the leading edge in combination with some

attenuation. However, a long signal pulge after a time delay, t, of 3 s ex-

hibits a rise time that is directly related to the time delay begween the two
signal pulses. Note, the larger transfer loss at the leading edge of the first
pulse is ‘due to approximately one loop delay time between the second pulses and
the first pulse. In connection with the long rise time obtained in the output
of the low-loss CCD after a large number of transfers, we would like to point
out that a short output pulse will appear at the output attenuated with an
apparent transfer loss that is smaller than determined by Eq. (6).

It is also interesting to note that the signgl charge used in this test
is Q81 - QSO = 0.12 pC, which corresponds to about 0.8:106 electrons. This
means that while in the standard CCD mode the transfer loss of 1.6::10-5 per
transfer corresponds to an average charge trapping .of 13 electrons, in the low-
loss CCD mode the transfer loss of 2.5:(10.7 per transfer corresponds to an ef-

fective average charge trapping of 0.2 electrons per transfer.
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Figure 26. Output waveforms for double-pulse test of trapping losses in
closed-loop low-loss 1024-stage CCD.




2. Effect of Bias Charge

The operation Oof a 1024-stage closed-loop CCD in the low-loss mode and the
effect of bias charge on the transfer losses are illustrated in Fig. 27. Parts
(a) and (b) compare the detected signal for QSOIQTB = 0.2 after 1808 transfers
with the detected signal after 6.6:105 transfers, from which a transfer loss
of S.7x10-7 per transfer is estimated. Comparison of (c) and (d) shows the
improvement in the transfer loss from 2.8x10-7 to 2.4x10"7 as QSO/QTB is in-
creased from 0.4 to 0.6. Then in (e) we show the operation with Qso/QTB = 0.8
in a negative input signal pulse orVQ31/QT‘ = 0.2. In this case the transfer
loss is 2.8:10"7 per transfer. Finally, the comparison of (c) with (f) shows
the change in the pulse signal as the number of transfers, N, is increased from
6.6:105 to 2:106. The general conclusion of the above test is that signal bias
charge Qso = 0.4 QTB is sufficient to achieve the minimum transfer losses.
Also, the transfer loss for negative signal pulse in the presence of large QSO

is lower but still comparable to the transfer loss for positive signal pulse.

3. Optimization of the Low-Loss Signal Regenerator

Our study of the operation of low-loss CCD loops indicates that the effec-
tive transfer losses are associated with a second-order trapping of charge by
the bulk states from the trailing bias charge. The magnitude of the trailing
bias charges is slowly modulated by the first-order trapping losses of the sig-
nal charge. The second-order trapping loss involves only the amount of trailing
bias charge, QTBl’ following the "one" signal charge, Qs1 that is larger than
the preceding trailing bias charge, QTBO' In other words, the second-order
trapping loss is due only to the charge signal difference,

8Quy = gy = Upq- | )
In view of the above transfer loss mechanism for the low-lpss CCD, which

is described further in Section IV and Appendix B, it is important that the

trailing bias charge regenerated periodically at the low-loss signal regenerator

be constant and 13§cpondont of the signal charge magnitude. Our study of the

operation of the fcgcncratcd trailing bias charge indicated that the incomplete

charge transfer taking place when the signal charge is separated from the regen-
erated trailing bias charge (see Fig. 12(b) at tb) produced a first-order
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transfer loss of about 7x10-3.

We observed this effect initially by comparing
the trailing-bias-charge waveform detected by floating-gate amplifier No. 1
with the waveform detected by the floating-gate amplifier No. 2. Assuming a
first-order charge~trapping loss of € " 3:10-5 the second-order trapping loss
will be €p ™ 721.0-3 x 3::10‘-5 - 2.1:&10-7 per transfer.

To reduce this second-order trapping loss we have modified the operation
of the signal regenerator so that this incomplete transfer is accomplished by
a double .BC clock in two steps. First, the major part of the signal is trans-
ferred forward to the adjacent empty well and then the final level of the trail-
ing bias 1s established with very small signal in the receiving well. The
operation of a 1024-stage closed-loop low-loss CCD with the original and the
double clock an is illustrated on the left and the right side of Fig. 28. The
two types of bias-charge generating clocks are shown in part (a-l) and (a-2).

Parts (b-1) and (b-2) show the step in the trailing bias charge, Q,m due to the

signal charge Qg,: For the original ¢gc clock in (b-1) AQTB/QSI-Qso -
721072, TFor the double ¢,. clock, AQTB/Q51'QSO « 10”2, The schwal tranafer

losses measured after 2.8x10” transfers can be compared between (c=1) and (c=2)
as 1.07x10°° for the original case and 8.9x10”’ for the operation with the
double-pulse ‘BC clock. Note, the differential decrease of the transfer loss
is 1.8:.1()‘-7 as compared to 2.1):].0_7 based on our estimate for €r - 7xld-3 X
3:10-5 = 2.1x10-7. The generally larger transfer loss, in the range of 10-6.

is typical of an operation at a low clock frequency of 4 kHz.

Since the effective transfer loss of the low-loss CCD is due to the
second-order charge trapping of the trailing bias modulated by the -13nai
charge, an experiment was performed whereby the signal detected at floating-~
gate amplifier ! +. 1, preceding the signal regenerator, was delayed by the proper

amount to adjust the level of the trailing bias charge in an (adjustable) in-

verse direction to the signal charge. The result of this experiment with feed-

forward-compensated signal regeneration is illustrated in Fig. 29, where an ef-
fective transfer loss of Q.Szlo-s per transfer was achieved.
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Figure 29. Operation of closed-loop low-loss 1024-stage CCD
with feed-forward-compensated signal regeneration.

E. DARK-CURRENT SUBTRACTION

1. Variation of the Dark Current With the Signal Charge

One of the possible limitations of the effectiveness of the dark-current
subtractor is, that if the dark current is signal-dependent, the operation with
a periodic subtraction of a fixed amount of dark current will lead to some form
of nonlinear signal degradation of the output. To verify this we have made a
test in which a closed CCD was operated with certain constant levels of signal
charge while the dark-current subtractor was adjusted to remove the excess
signal. In this test, the subtracted charge, which was measured by an electro-
meter as a drain current, IDCS' was equal to the thermally generated dark cur-
rent. ‘the measured curves for two 1024-stage devices of the drain-current,
;ocs’ representing the average thermally generated dark current, as a function
of the signal charge, Qs. are shown in Fig. 30. These tests indicate that in
our buried-channel CCDs there is a large range of signal for which the dark
current is relatively constant.
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Figure 30. Variation of dark current with signal charge level.

2. Performance of the Dark-Current Subtractor

The operation of the dark-current subtractor is illustrated in Figs. 31,
32, and 33. In Fig. 31 we are comparing the operation of a 1024-stage closed-
loop low-loss CCD without subtracting the dark current in (a) and with dark-
current subtraction in (b). This comparison is made again in Fig. 32, but with
only the signal bias charge, QSO’ and the trailing bias charge, QTB' introduced
in the loop. As we see in Fig. 32(a) the signal bias charge, Qso. increases
to the level of the trailing bias charge, QTB’ (which is periodically regen-
erated) in about 0.4 s. Then in about 0.7 s, QSO reaches a full well and
starts spilling into the trailing bias charge. The operation of the closed-
loop low-loss CCD is shown in Fig. 32(b) with the dark-current subtractor ad-
justed to remove the excess thermally generated current. Now, we observe no
accumulation of dark current for a total delay time of the signal in the
closed loop of 7.5 s.

The performamce of the closed-loop CCD operating in the standard CCD mode
in Fig. 33(a) with transfer loss of 5.4x10 > per transfer and a delay time,
Tps of 0.5 s is compared with, the low-loss operation in Figs. 33(b). (c), and
(d) with the delay time, during which the signal is being recirculated in the
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(a)

Qso —»
(b)

Qsy —
Qrg—

Figure 31. Operation of the closed-loop low-loss 1024-stage
CCD at £, = 140 kHz in (a) with dark-current
subtractor OFF, and in (b) for dark-current
subtractor ON.
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INITIAL
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Figure 32.

+—Qg0= Q=
FULL WELL

(b)
FINAL

‘Waveforms of zero-level signal, Qgp, and trailing bias

charge, Qrg, in closed-loop low-loss 1024-stage CCD at
fo = 140 kHz: (a) for dark-current subtractor OFF

and total delay time tp = 0.925 s and (b) for dark-
current subtractor ON and tp = 7.4 s.
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loop, progressively increased from 2 s, to 5 s, and finally to 10 s. The

waveform in Fig. 33 demonstrates that a signal can be recirculated for up to

10 s with the dark-current subtractor in the loop. In fact, the only limitation
on how 1ohg the signal can be delayed or recirculated is not imposed by the dark
current but by the transfer losses which tend to be larger at lower clock fre-
quencies. As indicated in the next section, the shot noise introduced into the

CCD by the dark current does not seem to accumulate appreciably.

3. Noise Introduced by the Dark Current

One of the more suprising results of our test of the closed-loop low-loss
CCDs is that we have found that with the dark-current subtractor in the loop
the dark-current shot noise does not seem to accumulate. This is demonstrated
in Fig. 34. Here, the signal is in the form of a constant bias charge, QSO'
The photograph in Fig. 34(a) shows the detected waveform during the first re-
circulation of the signal where we observe a- peak-to-peak noise level of
V'(p_p) = 0.8 mV, or V'rms = 0,13 mV. For Qso = 95 mV, we estimate the initial
s/nrms = 57 dB. Then in Fig. 34(b) after a recirculation delay time of 1.0 min,
the value of V" X 1.2 mV, and the final s/n_ = 54 dB. Since a full well
of charge is generated in this device in about 0.5 s, in 1.0 min 120 full wells
of dark-current charge are generated. A full well corresponds to 100 mV,
0.12 pC, or 7.5x105 electrons. Thus, the expected shot noise due to the full
well of dark current is 9400 electrons. However, the rms noise in Fig. 34(a)
of V'N(rms) = 0.13 mV corresponds to N'rms = 975 electrons. Then, after a
delay time of 1.0 min with 120 full wells of dark current subtracted, the
N(p-p) - 1.2 mV, V"N(rmn) = 0.2 mV, or
N"rmq = 1500 electrons. Assuming that in Fig. Bdﬁa) all the noise is due to

the output amplifier, then in Fig. 34(b),

msasured noise corresponds to V"

e 2

\ Namplifier * Ndark current 1500

or

= 1133 electrons, corresponding to the effective number of rms

Ndark current
noise electrons due to the dark-current generation of 120 full wells of charge.
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(a)
TD= 20 ms

(b)
'17[):= 1.0 MIN

Figure 34, Amplified output waveforms of Qgp ® 95 mV and Qpp = 100 mV

for closed-loop low~loss 256-stage CCD at f. = 140 kHz,
showing (a) the initial noise level, and (b) the steady-
state noise level (after a delay time tp = 1,0 min).
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The above number should be compared to the calculated rms noise of 9400
electrons corresponding to 120 full wells of dark current. The above reduc-
tion of the dark-current noise may be attributed to the signal correlation be-
tween adjacent charge packets due to the charge transfer losses. This means
that while the shot noise due to the dark current will saturate due to the sig-
nal averaging effect caused by the transfer losses, we cannot also maintain a
! 5 signal in the loop indefinitely without dispersing it. There is, however, at
i least one application where we can use this effect. Namely, a continuously
i recirculating low-loss CCD loop with a proportional charge subtractor operating
as a synchronous signal correlator. In this case the gain of the loop will be

B .

:i where m is the fraction of charge removed from the loop by the proportional

charge subtractor.

F. SYNCHRONOUS SIGNAL CORRELATOR EXPERIMENT

In order to evalute the performance of the closed-loop low-loss CCD in

applications such as radar post-detection correlation, the TC1230B 256-stage

delay line was operated as a synchronous recirculating correlator with a con- !

tinuous input. The iﬁput signal consisted of a repetitive pulse occurring at
each loop cycle period (256 clock cycles) mixed with random noise. The power

{
i
spectrum of this random noise is shown in Fig. 35. Continuous strobe !i
|

S
pulses were applied to the CCD input stage so that input signal 2:arge was
added continuously tc the signal charge already recirculating in the loop; |
however, the trailing bias charges were only introduced once (during Loop
Cycle 0). The input-signal bias level was adjusted to be about 10% of a full

well, and then the dark-current subtractor was adjusted to subtract out this

10%Z so that a steady-signal bias level of about 20X was maintained in the re-

circulating signal. (Note: This steady-signal bias level was determined by .§
the signal-regeneration stage °BC skimming level.) The results of this experi- i‘
’ ment for 100 recirculations at a clock frequency of 1.1 MHz are shown in §i
Fig. 36(a) for the case without random noise added to the input and in Fig. 36(b)
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Figure 35. Power spectrum of external random=-noise generator with
3-kHz resolution. Vertical scale: 10 dB/div.
Horizontal scale: 200 kHz/div.

for the case with random noise. The top trace in each oscillograph shows the

input signal apglied to GlA and the bottom trace shows the output signal after
100 times around the CCD loop (total delay Ty = 23 ms).

In the case of Fig. 36(b) the measured input s/n = -5.5 dB and the mea-

sured output s/n = +12 dB. Thua! using the closed-loop low-loss CCD as a

synchronous recirculating correlator, we have demonstrated an improvement in
the signal-to-noise ratio of +17.5 dB for 100 summations of the signal which _ |
is comparable to the theoretical limit of v100 = 20 dB.
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Figure 36.

(a)
INPUT SIGNAL

| —

o 100 (Qs|"Qso )

:

(b)
«— |[INPUT S/N==55dB 1
T 1
S, OUTPUT S/N= 12dB 4

Operation of the 256-stage closed-loop low-loss CCD at 1.1 MHz as

a synchronous recirculating correlator with continuous input {top

trace) showing the floating-gate output summation after 100 re- !
circulations (bottom trace): (a) without noise at the input,

and (b) with noise added to the input signal.
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SECTION IV

SIMPLIFIED ANALYSIS OF THE EFFECTIVE TRANSFER LOSSES
IN A LOW-LOSS CCD

This section is a simplified version of the analysis presented in
Appendix B. An expression for the effective (second-order) transfer losses
for a CCD operating in the low-loss mode in terms of the first-order transfer
losses of the same CCD operating with standard clocking is derived in this
analysis.

A. ASSUMPTIONS USED IN THE ANALYSIS

We are assuming that transfer losses in the low-loss buried-channel CCD
(BCCD) are dominated by the trapping of charge in the bulk-trapping states,
i.e., the devicc is operating at low-to-medium clock frequencies where free-
charge transfer loss is not a significant factor. Furthermore, the low-loss
CCD is operated with a large trailing bias charge, Qrgs (close to a full well)
placed in every other stage between the signal charge, QS' A repetitive signal
is assumed to be present in the form of a long string of 'zeros" with charge
QSo followed by a single "one'" with charge QSI' The signal charges, QSO and
Qg,» followed by their respcctive trailing bias charges, Qppo and Qpp» transfer
in succession into and then out of the 'same stage of the BCCD containing bulk-
trapping states with a density Nt [cn.al. A two-phase BCCD is assumed where
each clock period Tc consists of a storage time Ts during which the charge is -
stored in the well and a transfer time '1‘,r during which the charge is being
transferred to the successive storage well. Let us assume further that the
bulk-trapping states can be represented with a single trapping state having a
density Nt [cn-3], a trapping time constant t_ and an emission time constant

t
T We will assume that Tp << Ta and T << Te* This means that during the
storage time all of the charge-trapping states will be filled in the volume
of the BCCD channel containing the signal charge, Qsl or Qso. or the trailing

bias charge, Qn .
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B. FIRST-ORDER CHARGE TRANSFER LOSS

The trapping and emission of charge in the operation of the low-loss CCD
is illustrated in Fig. 37. As mentioned previously, the repetitive signal is
in the form of a very long string of "zeros" with signal charge Qs0 followed
by a single "one" with signal charge QSI' At the input stage of the CCD (or
immediately following a signal-regeneration stage) the signal-charge levels
Qso and QSl’ and trailing-bias-charge level QTB indicated by the dotted lines
in Fig. 37 are present. The solid lines in Fig. 37 indicate the corresponding
charge levels following a single transfer along the CCD register. Note that
due to the first-order trapping losses the signal-charge levels increase, and
the trailing-bias-charge levels decrease corréspondingly. We will now show
that to first order AQS0 = - AQTBO so that in a low-loss CCD mode the net
first-order loss for the sum charge packet QSUM = QSO + QTno is zero.

Our analysis is based on conservation of the total charge (nobile‘and
trapped) in the BCCD. The net change in the total charge contained within a
given volume V of the BCCD is equal to the difference between the charge Q
(initial) transferred into V and the charge Q (final) transferred out of V.

Qvg—=f=1 B o
S ) O - 2
Qg
3o,
8
-.'w-LAO‘l
Qg0
8Qqo
ol

Figure 37. Trapping and emission of charge in the operation of the
low-loss CCD.
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Just before Q (initial) enters, the BCCD well is essentially empty and con-
tains only the trapped charge q, (initial). Similarly, after Q (final) trans-

fers out of the well, only the trapped charge q, (final) is present. There-
fore, we have:

AQ = Q (final) - Q (initial) = q, (initial) - q, (final) . 9)

For the transfer of the signal charge Qso and the trailing bias charge QTBO'
Eq. (9) becomes:

8Qgy = 40 (initial) - ¢’ (£inal) (10)

and

TB

= + (final) . (11)

AQTBO - qEBO (initial) - q

TBO

Since the trapped charge q, (initial) is the same as qio (final), the net

change in the sum=-charge packet QSUM = Qso + QTBO is:

T8

. O Famal) (12)

BQgyy = Qg + AQuyo = q (initial) - q

Let us calculate how much charge q:BO (final) is trapped in volume VTBO after
the trailing bias charge QTBO transfers out of the BCCD well. During the
storage time Ts all of the trapping states in volume vTBO are filled, thus
trapping a charge of oNtV&BO from QTBO‘ However, during the transfer time TT’
the BCCD is essentially empty and the trapped charges are re-emitted with a
time constant Te aad join QTBO' Thus, at the end of the transfer time the

bulk trapping states contain the net trapped charge:

Tr
T8O 3 '
q, (final) =e N V.. e o (13)

It is important to note that since the trailing-bias-charge level QTBO is
larger than any previous signal charges, the trapped charge q:BO (final) given
by Eq. (13) is independent of the preceding signals. Since the signal charge
Qso is immediately preceded by another trailing bias charge QTBO’ the initial




trapped charge qio (initial) in Eq. (12) is also equal to q:BO (final). There-

fore, the net change in the sum charge packet due to first-order losses is
zero:

8Qgipy = 8Qgy + 8Qppy = O (14)

Referring again to Fig. 37, the first-order charge transfer losses

AQso and AQS1 may be calculated from the trailing-edge fractional charge trans-
fer loss €rg 28 follows:

8Qgg = = 8Qpgg = €pg (Qpgg = Q) (15)

and

Mgy = = 8p; =erp Qppg - Q) 3 (16)

e is measured from the increase in the first "zero" signal following a string

of "ones" when the CCD is operated with standard clocks and the "zero" signal
bias level is on the order of QSO'

C. SECOND-ORDER CHARGE TRANSFER LOSS

As we discussed in the previous section, during each transfer in a low-
loss CCD, the signal charge increases by a small amount AQS and the trailing
bias charge following the signal charge decreases by exactly the same amount.
However, we see from Eqs. (15) and (16) that AQSO is larger than AQsl and

. tnerefore the trailing bias charge QTBO decreases more than the trailing bias

charge QTBl during each transfer. This causes a step in the level of the
trailing bias charge at each transfer which has the value:

Qg = 8Qpgg = AQpp; = epp (Qgq = Q) o an

We now assume that the first-order losses are sufficiently low so that GQTB

is essentially constant and independent of the number of transfers i following
a signal-regeneration stage. Therefore, at the ith transfer, the difference
in the level of the trailing bias charge QTBO and QTBl will be:

Qrgo = Qpgy = 1 8Qpg = 1 egp (Qgq - Qg,) (18)
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By following an analysis similar to that used to derive Eq. (12), we find that
- n "

the change in the sum charge packet AQSUu AQs1 + QTBl for a single "one

following a string of "“zeros" is:

TB

. L cg4nal) . (19)

AQSUH AQ81 + AQTBI q, (initial) - q

Since the signal charge Qs1 is immediately preceded by a trailing bias charge
QTDO' the trapped charge qgl (initial) is the same as q:BO (final) . Thus,
Eq. (19) may be written as:

TBl

g = 47 cetnat) -

(final) . (20)

The charge loss AQSUu in Eq. (20) has the same form as in the case of a CCD
with standard clocks having a string of QTBO bias charges followed by a single
QTBI charge which is slightly larger. This allows us to write AQSUH in terms
of the leading-edge loss €LE measured from the decrease in the first "one"
signal following a string of 'zeros" when the CCD is operatad with standard
clocks and the "zero" signal bias level is on the order of QTBO:

8y = €1g Qrgo - Qpy) ° 25
Substituting Eq. (18) into Eq. (21), we find the second-order loss for the sum-
th

charge packet during the i~ trausfer following a signal-regeneration stage is:
8Qgyy(1) = 1 eppeqg Qg - Qgy) - (22)

Therefore, the average second-order fractional transfer loss for n transfers
is:

n

121 | aQgy (1) |
bt T (T i Qg; Qg (23)
T
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D. OPTIMUM NUMBER OF TRANSFERS BETWEEN REGENERATION STAGES

Since the signal charge and trailing bias charge are combined at the
signal-regeneration stage in the low-loss CCD, the combined charge sees a
first-order loss due to bulk-trapping during two transfers at this point. For
a device having n transfers between signal-regeneration stages, the average
charge transfer loss due to the first-order losses at the signal-regeneration
stage is:

€ "~ 2 eLE/n o (25)

Adding Eqs. (24) and (25) we find that the total second-order charge transfer
loss €roT ™ €1R + €, is a function of n:

2 , n+l

Sor(® eLE(n+ 2 "m) ; e
It is evident from Eq. (26) that there is an. optimum value, Rypr? for the
number of transfers between regeneration stages which will minimize the total

de

transfer loss. Setting the derivative d:OT equal to zero, we find:

fpr ™ 2/v'eTE 27)
and

€pop(min) = e (Ve + l/#eTE) (28)

for n >> 1. Typical values for Nopr 38 8 function of €pp are shown below:

‘= RopT
1x10~% 200
5x107° 282
2x107° 447
1x107° 632
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E. EFFECT OF SIGNAL-REGENERATOR PERFORMANCE ON SECOND-ORDER CHARGE
TRANSFER LOSS
Our study of the operation of the signal-regeneration stage (see
Section III.D.E) indicates that the incomplete (bucket-brigade mode) charge
transfer taking place when the signal charge is skimmed from the trailing
bias charge produces a first-order loss €8B ~ 7:(10.3 when we use a normal
’BC clock pulse. The resulting modulation of the trailing-bias-charge level

by the signal charge causes an average second-order fractional charge trans-
fer loss per transfer of:

€R " €LE BB ° (29)
Therefore, the total second-order charge transfer loss in this case is:
2 , ntl
“ror ~ ‘L& (n 2T mE ‘33) : s

F. SAMPLE CALCULATION -

The following first-order charge transfer losses were measured on a TC1230
256-stage CCD operating with standard 2¢ clocks at a frequency of 1.1 MHz:

™ =5
€LE 2.1x10

Cop * 1.0x10"
4 -3
EBB 7)(10 °

5

The leading-edge transfer loss ELE was measured in a double pulse test with
20X bias charge and a period of 250 us between pulses corresponding to the re-
circulation period of the closed-loop CCD (cf. Fig. 23). Substituting the ’
above values into Eq. (30) yields a calculated value for the effective second- a
order charge transfer loss of €ror * 2.9:!:10'7 which compares to a measured

value of ¢ = 2.&x10-7 for the same device operating in the low-loss mode.
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SECTION V

CONCLUSIONS

To verify the proposed low-loss CCD concept we have designed, fabricated,
and tested 256-stage and 1024-stage closed-loop CCD structures that can be
operated in the low~loss CCD mode by periodic signal regeneration. With these
two devices operating in the low~loss CCD mode we have demonstrated a reduction
in the effective charge transfer losses by two orders of magnitude. While the
typical transfer loss of our standard buried-channel CCD is about 2::].0"'S per
transfer, in the low-loss CCD mode we have achieved a transfer loss of 2.5x10_7
per transfer. In fact, in the case of the feed-forward-compensated signal
regenerator we have observed a transfer loss as low as 4.5x10—8 per transfer.

We have demonstrated that by operating the closed-loop low-loss CCDs with
a dark-current subtractor in the loop we can eliminate the effect of the dark
current for very long delay times. We have stored a signal in the loop for
up to 10 s during which an estimated 20 full wells of thermally generated
charge were subtracted from the loop. The noise generated by the dark current
tends to saturate at a low level maintaining a s/nrms = 54 dB independent of
the recirculation time.

We have developed a trapping-loss model for the operation of the low-loss
CCD. On the basis of this model we have derived a simple formula for pre-
dicting the transfer loss of the low-loss CCD on the basis of transfer loss
data for a standard buried-channel CCD.

The closed-loop low-loss CCD was operated as a synchronous signal cor-
relator. With 100 signal recirculations we have demonstrated an improvement
in the signal-to-noise ratio from =5.5 dB to 12 dB.
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APPENDIX A

LOW-LOSS CCD TEST SYSTEM

A. GENERAL DESCRIPTION

The electronic tester for the TC1230 closed-loop low-loss CCD consists

of a power supply and control logic. A description of the hardware is given
below:

1. Power Supply

The power supply provides the dc biases needed to operate the device.
The clock waveform amplitude and cc bias, and dc potentials applied to the
chip may be varied by means of the front panel controls which are shown in
Fig A-1l.

The front panel digital meter may be usgﬁ to monitor any of the 14 ad-
justable voltages provided by the supply. Spares are provided for two addi-
tional voltage settings. The voltmeter selection is made by the combination
of the 8-position rotary switch labeled "BIAS SELECTOR" and adjacent toggle
switch labeled "UPR" and "LWR'". The LED lights located above the voltage
controls identify which column the voltmeter is monitoring. Either the upper
or lower control of a particular colummn is measured depending on the position
of the toggle switch. Below the front panel, adjacent to the fuse, is a set
of panel BNCs for the MASTER CLOCK (external source pulse generator--TTL
level), TRIG OUT, D'LY TRIGGER and a +5 V éupply. The signals and dc biases

are connected to the control logic by means of a 36-pin cable.

2. Control Logic

The control logic consists of two wire-assembled printed-circuit boards
labeled "PULSE GENERATOR" (B1l) and the '"MOS CLOCK DRIVERS, CLAMPS and S/H"
(B2) as shown in Fig. A-2. B8l supplies the logic waveforms (TTL level) which
are then inverted and translated to variable amplitude cleck waveforms on
board B2.
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Photograph of printed-circuit boards Bl (left)

and B2 (right).

Figure A-2.
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The pulse generator board has two trimmer pots which are used to adjust
the pulse width of SlA’SIB and DCS1,DCS2. Two modes of operation for the
DCS1,DCS2 pulse may be selected using the miniature toggle slide switch.
Sliding the switch to position +5 V, will generate SE§I,EE§E pulses at the
clock rate and sliding it to point A (D-type flip-flop Ul -- pins 2 and 6),
will generate 555?;5555 pulses at one-half the clock rate. This allows one
to subtract charge from both the signal and trailing bias or just the trail-
ing bias, respectively.

The MOS Clock Drivers, Clamps and S/H board (B2) have nine variable
dc bias supplies labeled VOUT’ VDD' le. VQREC' V¢R’ VFDT’ V¢FG' VSUB and
Vs/u. These bias supplies are seldom adjusted once set to the operating
level. Test points are provided on each supply to measure the bias level.

A miniature toggle slide switch adjacent to the 40-pin test socket is pro-
vided to sulect signals for GlB= either vBC or GlA’ Test points for SOUTl"
SOUTZ' (which are the floating-gate outputs)..and NOISE IN are also provided
and labeled. Above the 40-pin test socket are two miniature switches (7020
series DIP-type by AMP) designated as SW#l and SW#2. These switches control
the signal-regeneration stages and select either standard two-phase or low-
loss clocking. For standard two-phase clocking gates ’RGS’ QRGT’ OBCS’ and

OBCT are driven by the 02 clock waveform. For low-loss mode operation gates

ORGS’ ‘RGT are driven by ‘RG and gates °Bcs' OBCT are driven by QBC as shown
in the timing diagram Fig. 17.

Adjacent to boards Bl and B2 are the "TOTAL DELAY", "LOOP SIZE", and
"SOURCE STROBE A" switches which are chassis-mounted as shown in Fig. A-3.
The "TOTAL DELAY" switch (labeled from = to 220) selects the number of clock
cycles during which the closed-loop CCD is recirc lating (i.e., the total
period between Loop Cycle 0O and Loop Cycle N). The "LOOP SIZE" toggle switch
has two positions, either 256 (256-stage CCD -- TC1230B) or 1024 (1024-stage
CCD -- TC1230A). Adjacent to the "LOOP SIZE" switch is a toggle switch
labeled "SOURCE STROBE A" (slA) which has two positions, either "NORM" or
"CONT". In normal operation "NORM", slA is gated wich GATE B and will gen-
erate pulses only during the initial loading of the CCD loop during Loop
Cycle 0. In continuous operation '"CONT", SlA will generate pulses continuously

which allows one to add new signals to signals already recirculating in the
loop.
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E A panel BNC connector labeled "INPUT DATA" is located at the left front

! side of the control logic chassia, where input data is applied from a separate
; external pulse generator (TTL level).

i B. TC1230 CCD TESTER CIRCUIT DESCRIPTION

Block and detailed schematic diagrams for the TC1230 CCD Tester are
shown in Figs. A~4 - A-7. Referring to the Pulse Generator board Bl schematic
shown in Fig. A-6, all of the timing waveforms are derived from the external
master clock input (TTL level). The TTL levels are then translated to variable
amplitude clock waveforms using MH0026 clock driver ICs located on board B2

: (see Fig A-7). The duty cycle of the master clock should be approximately 50%.

: The clock (CLK) which is divided down by 2 from the master clock is applied to
the synchronous 20-stage binary counters U9-Ul2 and Ul5 (all are 74LS161) which
control the timing for the CCD. (NOTE: Only the last 10 stages of the counters
are utilized individually to count from 211 ‘to 220 clock cycles). At the be-
ginning of Loop Cycle N the TOTAL DELAY selected by the rotary switch is used
to clock the D-type flip-flop U8 (pin 5) high which switches the output of the
NAND gate U7 (pin 6) low until a period of 256 or 1024 clock cycles (determined
by the LOOP SIZE switch) is completed. During this time, q; will be pulsing

which clocks signal charge out ot the CCD loop via the floating diffusion. At

MASTER
CLOCK CONTROL CONTROL LOGIC
(PULSE GEN.) LINES

81 = PULSE GENERATOR

82 = MOS CLOCK DRIVERS, CLAMPS
AND S/H

SOUT 1’ (TP) | SOUT2' (TP)

: INPUT DATA | CH. 1 CH.2
INPUT DATA y e
(PULSE GEN.) F —»| OsciLLoSCOPE i
TRIG OUT :

Figure A-4. TC1230 CCD tester block diagram
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the end of Loop Cycle N, the output of NAND gate U7 (pin 8) will go low and
reset the D-type flip-flop U8 (pin 1). Approximately 40 ns later, U8 (pin 11)
is clocked and the output Q of U8 (pin 9) remains high, which forces GATE B
low until the loop size period has elapsed. The rising edge of GATE B 1is then
sensed by the NAND gate U7 (pin 12) and inverter U6 (pin 9), at which time the
D-type flip-flop U8 (pin 13) will reset for approximately 30 ns. The reset
pulse width applied to U8 is determined by the three cascaded inverters U6.
Also, GATE B 1s inverted and buffered to provide the main trigger output start=-

ing at the beginning of Loop Cycle O. is generated to recirculate sig-

¢
nals in the loop when the output of NANnnigte U7 (pin 6) is high, which is the
case except during Loop Cycle N. 3; and its complement ;; are generated from
the CLK pulse and are both delayed relative to ¢BC (which is generated from

the master clock) in order to prevent edge race conditions in the CCD regenera-
tion stage. 3;; is generated by gating the CLK pulse with the output of D-type
flip-flop Ul (pin 6), which has twice the CLK period. S/HOUT' DCS1,DCS2,
°FG'¢R and slA’sln are all derived from the dual one-shot U2 -- 74LS123 which
provides adjustable pulse width for these signals. DCSI,BEEE'can be generated
either at one-half of the clock rate or at the clock rate fc’ depending on
whether the input for NAND gate U7 (pin 1) is connected to A or +5 V,
respectively.

The schematic for printed-circuit board B2 is shown in Fig. A-7. This
board contains MOS clock drivers (MMH0026) and output clamps to obtain the re-
quired pulse amplitude and dc bias for the various waveforms which drive the
TC1230 CCD. Sample and hold circuits for the floating gate output sOUTl and
SOUTZ’ which use 3N138 MOSFET sampling transistors and source followers, are
included on the board to reduce c! ck noise at these outputs.

Table A-l1 lists the function of all the adeECable bias voltages supplied
by the CCD tester. The adjustment range for each control, as well as nominal
values for operating the TC1230 CCD in the low-loss mode are also listed.

The wiring connections between the power supply cable and the two printed-

circuit boards are shown in Table A-2.
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Control Function
R1. an* m* Output Drain
R2. leA Input Data Amplitude
R3. vs Source Strobe Bias (slA‘sln)
R&4. VBCR Bias Charge Pulse Amplitude (onc)
RS. vCLK Main Clock Amplitude (01. 02. ‘R’
R6. VDD* Output Transistor Drain
R7. V,G !Cb Reset Source Bias
R8. Vm1 FGl Transfaer Gate Amplitude
R, Voo DCS® Pulse Amplitude
R10. Vs,r Storage Gate Bias (S)
R1l. vrr Transfer Gate Bias (T)
Rl12. le Input Data Bias (GlA)
R13. vBC Trailing Bias Level (Gln)
R14. VQFG FG Reset Gate Bias
R1S5. VQDCSI DCS1 Gate Bias
R16. VQDCSZ DCS2 Gate 3ias
R17. VFDT' FD Transfer Gate Bias
R18. V.nf FD Reset Gate Bias
R19. VQRBC Recirculate Gate Bias
R20. VG2 Input Storage Well Bias
R21. VOUT FD Output dc Gate Level
R22. VSUI* Base Substrate
R23. Vs,“* Sample and Hold dc Bias
NOTES: *Designates Trim-Pot mounted on board B2.

TABLE A-1. BIAS ADJUSTMENTS

. Floating Diffusion
brca Floating Gate

cDCS: Dark-Current Subtractor
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Nominal Value

(Volts)

+15

+

2.3

+16
+12.6

+10.0
+15

+
+

3.0
6.5

+18.5

+

0.0
4.2
3.0
1.5
2.0
2.3
3.4
3.0
5.0
3.0
3.2

+20

+

5
6.2

Bias Range
(Volts)

0 to +20

0 to +20
+10

0 to +20

=10 to +10

0 to +20 it
0 to +20 E
=10 to +10
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TABLE A-2. CONNECTOR PIN ASSIGNMENT LIST

36-Pin PC Board Bl PC Board B2
Cable Connector 44-Pin Edge 44-Pin Edge
Function Pin # Connector Pin # Connector Pin #

+20V
+10V
A SN OES -
: -10 V

| o

E
C
R e - S e T
22

<
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s o & € N & 6 &€ NW E S

< <
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TABLE A-2. CONNECTOR PIN ASSIGNMENT LIST (continued)
36-Pin PC Board Bl PC Board B2
Cable Connector 44-Pin Edge 44-Pin Edge
Function Pin # Connector Pin # Connector Pin # &
82' 14
[ 140 A ; i
e R R S ’
. 1 ;
| ’, 13 T lj
LA N SRR B S R T e I S O
s 12 6
*pcn 6 8

m.']ﬁ(‘z).-.-..'...-........ 130-.-0009

*ror 9 L
*rec P M
s R O e e e
INPUT DATA (EXT.)® >
, $/d out 4 12

MASTER CLOCK (EXT.)*. . . . .21 ....... 10

D'LY TRIG OUT* 25 A
2% . X
210* 2 K L] . . L ] L] L] L ] . . e L] . L] . . . . L] . "

NOTE: O Normal or continuous selection (SPDT SW-Chassis Mounted) --
refer to final schematic for PIN ouT.

* 50 0 coanial cable connector.




TABLE A-2. CONNECTOR PIN ASSIGNMENT LIST (continued)

36-Pin PC Board Bl PC Board B2
Cable Connector 44-Pin Edge 44-Pin Edge
Function Pin # Connector Pin # Connector Pin #

v

*
212 v
213*l . . . L] . L] . . . . . . . . . . . . . L] LY T
14* s
gt R

*
216 . . . . . . - . . L] . L] . . . . . L] . . - L] N

*
gt? M

*
218 L
219*I L] . . . . . . . . L] . . . . . . . . . L] L] K
TRIG OUT* 23 15
TOTAL DELAY
SELECTOR
POLE TERMINAL* 16
LOOP SIZE ,
CENTER POLE* P R SN N NS S TR TR S TR IR . 18 {
(SPDT SW) f

&

BIAS SPARE #1 36 19 |
BIAS SPARE #2 18 20

Note: *50 Q coaxial cable connector.




APPENDIX B

ANALYSIS OF THE EFFECTIVE TRANSFER LOSS IN
A LOW-LOSS BCCD DUE TO BULK~-TRAPPING STATES

In this analysis we assume that the low-loss BCCD is operated with a
trailing bias charge QTB which is larger than the signal charge Qs in order
to obtain minimum effective transfer losses. We also assume that the clock
frequency fc is below the point where free charge transfer is a limiting
factor so that transfer losses are dominated by the interaction of Qs and
QTB with the bulk traps in the buried-channel region. Part A provides a
brief review of the Schottky-Read-Hall rate equation describing bulk-trapping
states. In Part B we derive equations for the first-order transfer loss of
AQS and AQTB and show that although charge is redistributed between QS and
QTB due to bulk-trapping, to first order there is no net transfer loss for

1 the sum-charge packet QSUH - Qs + QTB' The analysis of the effective trans-
fer loss for QSUM due to second-order transfer losses is presented in Part C.

In Part D we consider the effect of the interaction of multiple bulk traps
having different energy levels. An expression for the second-order transfer

loss with closed-loop operation is derived in Part E. In Part F the charge-
transfer losses due to the signal-regeneration stage are discussed, and a
sample calculation based on measured data is shown in Part G. The following ‘1
analysis is based on the bulk trapping model for buried-channel CCDs described i
by Mohsen and Tompsett [6]. l
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Glossary of Symbols

VTB

Vth

energy level of bulk trap below conduction band
Boltzmann's constant

effective density of states in the conduction band [cm-3]
density of mobile electrons [C/cm3]
density of bulk-trapping states [cm-3]

charge density of filled traps [C/cm3]

total trapped charge [C]

signal charge level [C]

trailing bias charge level [C}

signal charge 'zero' level [C]

signal charge 'oﬁe' level [C]

trailing bias charge level following Qqgq (€]
trailing bias charge level following Q81 [C]
sum charge packet Qs + QTB

storage time [s]

transfer time [s]

clock period [s]

free—charge transfer time [s]

bulk state emission time constant [s]

bulk state trapping time constant [s]

volume occupied by signal charge Qs [cm3]
volume occupied by trailing bias charge QTB [cm3]
average thermal velocity of electrons [cm/s]

bulk~trap capture cross section [cmzl
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A. BULK-TRAP OCCUPANCY
The interaction of minority carriers in the BCCD charge packet with .
bulk traps is described by the Schottky-Read-Hall rate equation:

da, (Nt-“t) n, -
& X - -1
t e

where the trapping time constant Te is:

g = 1l/a Yen e (B=2)

and the emission time constant re is:
E
T

™ 1l/0 Ven Ne @ (B-3)

The equilibrium charge density of filled tt@ps may be determined from
dn

—3% = 0, Solving for n_ we obtain:

Eq. (B=1) by setting .

b & B (B-4)

The total trapped charge 9, in a volume Vs is given by:

q, * fv n, dav . (B=-5)
S

For most traps of importance, T << Tos and if we assume n, is essentially

‘constant over the volume Vs, Eq. (B=5) reduces to:

q, = n, Vs ¥ e Nt Vs . (B-6)

B. FIRST-ORDER CHARGE TRANSFER LOSS ANALYSIS

In general, the change AQS in a signal charge Qs due to interaction with
bulk traps during a single transfer can be determined by comparing the initial
state of the traps q, (initial) in the CCD well before the signal charge enters

RESAERNEEF /PSRN
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' contain the net trapped charge:

R K M T e i 0 e

i

with the final state of the traps q, (final) after the signal charge has trans-
ferred out of the region of the CCD. Since charge must be conserved, we have:

Qs (initial) + 9, (initial) *= Qs (final) + q, (final) (B=7)

or
AQs - - Aqt = Q. (initial) - q, (final) . (B-8)

During the storage time TS while the signal Qs (which occupies volume Vs) is
present in the CCD well, the bulk traps contained in that volume are filled
to a level of e Vs. During the initial short transfer time t' (when
most of the charge transfers out of the well) the traps remain filled. How-
ever, during the remaining transfer time TT' = TT-t' the BCCD is essentially
empty and the trapped charges which are emitted with a time constant T, can
join the signal charge. At the end of the transfer time, the trapping states

ot
Ty

o———

T
- e -
G " By e 8 A (8-9)

We now consider the case of a low-~loss CCD with an input data pattern
containing a single 'one' signal charge Qs1 which is preceded by a string of
'zero' signal charges QSO' A trailing bias charge QTBO follows each signal
charge QSO’ and a trailing bias charge QTBl follows the signal charge QSl'
(This analysis also applies to the leading 'one' signal charge of a string of
'ones'). We will now calculate the first-order transfer losses AQSO and
AQTBo per transfer and show that their sum AQSUM - AQso + AQTBO is identically
equal ‘o zero. (In Part C we calculate the first-order losses AQS1 and
AQTB1 in which case the sum AQSUM = AQS1 + AQTB1 is not equal to zero and
exhibits a net second-order transfer loss).

Calculation of AQSO:

80 = a0 (intctal) - ¢ (fina) ; (8-10)

t t

o !
TT

\ 3
a;” (initial) =n Voooe © ; (B-11)
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TT T, (TS+TT)

T
S0 o Te Te Te
q, (final) n, VSO e + n, (VTBO-VSO) e e (B-12)

Note that Eq. (B-12) contains two terms. The first term is due to traps
located in the center volume Vs0 which remain filled during the storage time
Ts and emit trapped charge only during the final transfer time TT' = TT—t'.
The second term is due to the edge volume VTBO-VSO which has an initial trap

a ]
Ty

T
occupancy of nt(vTBO-vSO) e ® and emits trapped charge during the entire

period TS*TT' Substituting Eq. (B-11) and (B-12) into Eq. (B-10) we have:

= ' -
T, (T#T)
TG Te
8Qgy =y (Vgpo=Vgo) © l1-e (B-13)

In a similar fashion we calculate AQ

TBO as:
BQpgo = ag 0 (tnitial) - qT%0 (final) (B-14)
where
q§‘° (initial) = qf° (final) (See Eq. B-12) (B-15)
and
- 1]
.. ¥} :
TBO Te
% C (final) =n v, e ] (B-16)

(B-17)
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Comparing Eq. B-17 and Eq. B-13, we see that there is no net change in the sum
‘charge packet QSUM during the transfer:

AQSUM - AQSO + AQTBO =0. (B-18)

Therefore, during the transfer operation in a low-loss CCD the signal
charge increases by a small amount AQSO due to charge trapped from the
preceding trailing bias charge near the edges which is re-emitted into the
signal charge. The trailing bias charge QTBO which follows the signal charge
decreases by exactly the same amount (-AQSO) because it refills the edge
traps that emitted charge into QSO‘

C. SECOND-ORDER CHARGE-TRANSFER LOSS ANALYSIS

In this section we calculate the first-order losses AQS1 and AQTBl which

leads to a result that the sum-charge packet in this case QSUM - Qs1 + QTBl
does see a net second-order loss.
AQe, = @1 (initial) - q1 (final) ; (B-19)
S1 t t
d L4
Ty
s1 Te
qq (initial) = n, Vopo © s (B-20)
T ! O | =]
TT Tp (TS+TT)
T T T
q's:l(final) SV ¢ O Asimamelin e Y oy (B-21)
- ' -
TT (TT+TS)
L7 Te
AQgy = ny (Vppo=Vgy) © e s

AQTBI is calculated following an analysis similar to the calculation for
AQTBO as follows:

TB1
0Qppy = 9

(initial) - QEBI (final) ; (B~23)
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-TT' _TT' -(T T)
T T T
TB1 e e (B-24)
q, (initial) = n V¢, e +0, (Vpo-Vg) e O e
-TT'
T
e ; (B-25)
BL i rinal) = Vg © ;
- ' - -
Ty TT' ('rs+'r.r)
T T i 5 .
e e e (B-26)
0Qpgy = ny (Vg-Vppy) @ + 0, (Vygo~Vsy) e 5

The change in the sum charge packet QSUM in this case is found by adding
Eqs. (B-22) and (B-26):

8Qgyy = 8Qg) + 8Qpgy = n, e Vrgo~Yre1) * s

The expression for AQSUH in Eq. (B-27) may also be derived in a simpler manner
by noting that

Mgy = [qt (initial) - q5' (final)] [“1 (initial) - “1 (final)] (B-28)
and since qil (final) = q{nl (initial) this reduces to

In other words, AQSUM depends only on the initial state of the bulk traps
Q81 enters the CCD well and the final state of the bulk traps after
Qpg; transfers out of the CCD well.

Immediately following a signal-regeneration stage in the low-loss CCD,
QTBO and QTBI are exactly equal so that the term V in Eq. (B=27) is

before

T80 VTB1

negligible. During each subsequent charge transfer down the CCD delay line




the volumes VTBO and vTBl both decrease due to the first-order charge-transfer
losses AQTBO and AQTBI’ respectively. However, since QTBO is decreasing
faster than QTBl’ a charge difference QTBl-QTBO builds up on the trailing
bias charge level which is proportional to the number of transfers i following
the regeneration stage. It is this charge difference QTBl-QTBO which causes
the nonzero second-order transfer loss AQSUM in Eq. (B-27) since a corresponding
volume difference VTBO-—VTBl is present in the buried channel well.

In order to evaluate the term VTBO-VTBl’ we assume that the volume occupied
by mobile charge carriers is linearly proportional to the size of the charge

packet, which is a good approximation for relatively lérge signals in a BCCD [6].
Thus, '

Vv :
VTBO 7 vTBl ® 9Q (QTBO % QTBl) (8-30)

where %% is the proportionality constant relating the volume to charge.

In general, during the ith transfer following a signal-regeneration stage

the magnitude of QTBO and QTBl is given by:

i-1
Orpo(1) = Qpgo(0) + 121 8 () (3-31)

i-1
Qg (1) = Qg (O) + jfi aQ g () (3-32)

where QTBO(O) = QTBI(O) = QTB is the initial value of the trailing bias charge
ertablished in the signal-regeneration stage. Combining Eqs., (B-31) and (B-32).

i=1

Qrpo (1) = Qppy (1) = jz;[mrno(i) g AQTBI(J)] . o

* The term GQTb s AQTBO - AQTBl can be evaluated by substituting from Eqs. (B-17)

and (B-26) and rearranging terms to obtain:

Te TQ
AQrgg - AQppy = n.e (Vg0 = Vsy + Vopy = Vypo) + (Vg - Vgp) © .
(B~34)
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We now make the assumption that the first-order losses are sufficiently

low so that for the purpose of evaluating Eq. (B-34), (VTBI-VTBO) << (vso'vs1)
and Vso-vs1 is independent of the number of transfers i. With this assumption,
Eq. (B-34) becomes:

- ' -
TT (TT-PI'S)
T T

= - = - e - e -
CQTB H AQTBO AQTBl n, (Vso Vs1) e l1-e . (B-35)

Combining Eqs. (B-~27), (B=30), (B-33), and (B-35) we obtain an expression
for the second-order trapping loss during the 1th transfer:

0
Ty

ok T
e 9V .
For a low-loss CCD which has n transfers begyeen regeneration stages, the total
second~order trapping loss AQSUM(tot) following n transfers can be expressed

—TT'

n
A (tt)'ZAQ 1) = (142+...4n) Te s
Qsm 0 1-1 s‘m( eo e nte aQ QTB (3-37)

or
-TT'
' T
BQgpy(tor) = B 5 o ¢ Bgq (8-38)

Finally, the average second-order fractional transfer loss
€, = Aquu(coc)ln(QSI-Qso) is given by:

'TT'
T
n+l e dV
2 " TQg,-0gy) "t ¢ 30 0B ° (3-39)

In view of the number of assumptions which were made to simplify the foregoing
analysis, some of the factors which limit the accuracy of Eq. (B-39) should be




considered. We have implicitly assumed that the trap occupancy n, given by
Eq. (B-4) is constant throughout the volume occupied by the charge packet.
Actually, the value of n, near the edges is lower since the free charge density

t
In addition, in the transfer regions of the CCD as the free charge sweeps by, |

there is a filling probability F for the bulk traps which also reduces the

n, is lower at these points, which increases the trapping time constant Tt

value of n, in these regions. As a result, the second-order transfer loss

given by Eq. (B-39) using a value n

€, . " °Nt represents a 'worst case' value

which we have found to be typically about 2 times higher than experimentally !

measured values.

D. INTERACTION OF MULTIPLE BULK~TRAPPING STATES

The analysis in Part C for the second-order trapping loss was based on a
single bulk-trapping state model. In a buried-channel device with multiple
bulk-trapping states, the interaction of these states must be considered to
determine the second~order losses. For a device having m bulk-trapping states
with energy levels El to Em’ we can modify the expression for GQTB in Eq. (B-35)

to:

Ea ~Tq' =(Ty+Tg) ;
z Te (E) teZES ’
SQTB - (VSO-VSI) nt(E) e lre . (B=40) ;
E=E
1 !
}.
The fractional transfer loss given by Eq. (B-39) is modified according to: ii
i
i3
T !
Em TT ;
T_(E)
n+l e v
nt(E) e 39 GQTB . . (B-41) '

€, B TS ——
2 2(Qqy -Qg) EoE)

-E. SECOND-ORDER TRANSFER LOSS FOR CLOSED~LOOP OPERATION

When the log_losa CCD is recirculating with a loop cycle time (i.e., j
total time around the closed loop) TL which is comparable to a bulk-trap 3
emission time constant Tes then the bulk traps in the edge volume CVT'I-VTBO)
do not completely empty in the time TL. As a result, less charge is trapped,
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and Bq. (B=27) must be modified to:

~ ]
.
T. T.

Qg = 2 (° e |(Vrgo=Vopy) - (B-42)

Using this result in combination with multiple bulk-trapping states results

in a second~order fractional transfer loss of:

*n .
T T
o+l E n (E) [e ® -e°® -g%eqm (B-43)

€ ™
2 2(Qg; -Qg0) =

where GQTB is given by Eq. (B-40).

F. CHARGE-TRANSFER LOSSES DUE TO SIGNAL-REGENERATION STAGE

As discussed in Sections IV.D and IV.E, the signal-regeneration stage
introduces the additional transfer losses €1R and €2r (see Eqs. 17 and 21
Section IV) which must be added to the second-order loss €ror* The leading-
edge transfer loss ¢ _ used to calculate €1R and R may be expressed in

LE
terms of the bulk-trapping states as:

E '
m TT TL
- “T® T
€Le EA n, (E) |e ¢ -~ °* -g% . (B=44)

The trailing-edge transfer loss €rg DAY also be expressed as:

$Qry
€y = (B=45)
T Qg =0

where GQT’ is given by Eq. (B-40). Therefore the total second-order charge
. transfer loss is given by (cf. Eq. 22 Section IV):

- 2,04
€ror ~ “LE (n e T i ‘n) (B~46)

where ¢E is defined by Eq. (B=44), €rE is defined by Eq. (B-45), and €pp is
measured as discussed in Section IV.E.




G. SAMPLE CALCULATION

Our data (see Section III.C) indicated the presence of two bulk-trapping
states in the TC1230 BCCD with the following densities and emission times:

n, () 5.8 x 10™8 ¢/cm’

Te(El) 5.6 us

-8 3
nt(Ez) 5.8 x 10 ~ C/cm

Te(Ez) 750 us

For the case of a TC1230 256-stage CCD operating at 1.1 MHz, the following

parameters were measured:

3.6 x 10714 ¢

© 9.6 x 10'14 C

Q0

Q%
' k=3
TT Ts 0.45 us
3

€gp 7 x10

%% of 5x102cm3/c was estimated based on a buried-channel

layer depth of 0.5 um, and a storage area of 25 um x 10 um, Substituting
these numbers into Eqs. (B-44), (B-45), and (B-46) we obtain the calculated

.y 3.45%10°°, ® 0.4x10"°, and tow = 4.1%10°7  The measured

€
TE TOT
transfer loss for this device operating in the low-loss mode was 2.6:10‘7.

A value for

values of ¢







