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CHARACTERIZATION OF CHARGE-COUPLED ANALOG MEMORIES
' FOR NUCLEAR DATA ACQUISITION

E. Yazgan* and F. Kirsten

Lawrence Berkeley Laboratory -
Berkeley, California 94720

Introduction

The Charge;Coupled Device (CCD) is one of the-récent products of
continuing tééﬁné]ogical progress in semiconductor component development.
Basically, thefCCb'consists of a number of contiguoﬁs cells together with
a mechanism for transferring electrical charge from'oﬁe cell to the next. ;
During the transfer process, the amplitude, or quantfty of charge is
preserved. Thus, the CCD in effect behaves as an analog shift register.

An analog shift register is, potentially, a very useful device for instru-
menting certain large scale high-energy physics detéctors and other nuclear
data acquisition systems; this paper reports on work aimed at characteriz-
ing two commerically available CCDs (Fairchi]d Tybes 311 and 321)** in
terms of such applications.

The construction of a typical CCD is shown in Fig. 1. The transfer
of charge along the shift register chain is controlled by an external
clock. A packet of charge existing initially in the first cell appears
at the output ée]l after (n-1) clock pulses, where n is the number of cells

in the chain.

*Permanent address: Technical University of Istanbul, Istanbul, Turkey.

**Manufactured by Fairchild Semiconductor, Mountain View, California.
Reference to a company or product name does not imply apnroval or recommenda-
tion of the product by the University of California or the U.S. Energy
Research and Development Administration to the exclusion of others that may
be suitable. _
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In addition to the transfer mechanism, CCDs mhét-haye a means of
introducing charge into the chain. In the case of»qhajns used as linear
delay devices, two common configurations exist. In the first, a charge
injector is provided for each CCD cell. This configuration is often used
for para]]elffb-serial conversion of electrical input-signals. It is also
used in 1ighf-§ehsitive scanning devices, in which fhe’injected charges
are rep]icasvof the quantity of 1ight fa]]ing'a1ong{§ide each cell. In
the second, a single injector is used for each chain\df{ce]]s. This con-
figuration is-used>for devices that are designed to:pfovide a controllable
delay between'ihbdt and output. An example is the CCD. digital dynamic
memofy, used'tq7store binary information. Another edep]e is the analog
shift register,fiﬁ which a replica of the input wavefgrm appears at the
output, delayed by n clock pulses. The action of sUch-é’CCD is similar
to that of a delay line, except that: (1) the delay:is controlled by the
clock frequency;vand (2) the output signal is qdantiied in time, rather

than continuous.

An Application of Shift Register CCDs

An application of analog §hift regiﬁter CCDs which is being investi-
gated is in the field of high-energy physics instrumentétion.l‘ Here,
wire grid chambers of various fillings (gases and 1fquids) and configura-
tions (planes, cylinders, etc.) are common. These aré typically used to
measure the trajectories, times-of arrival, or ionizing-dénsity of charged
particles. These measurements are based, in turn, on measurements of
electrical pulses emanating from the individual wires of,thé chambers.
Typical chamber arrays have wires (and correspondingfsféha] channels)
numbering in the thousands. The e]ectrical'pu1ses aré in the millivolt

range, and are tens of hundreds of nanoseconds in duration. The dynamic
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range of the pulses (in terms of peak amplitude ok/total charge) may be
as high as several hundred.

The task Of;méasuring and recording all the signals can be formidable.
For example;'fo record an amplitude measurement to 8 bit resolution (one
part in 256) on each of 1000 wires once every 100vh5ec would réquire

recording data at the rate of 8 x 1010

bits per se;odd. Fortunately, this
is not necessary. An "event" of interest occurs réthér infrequently; all
- signal informafion occurring between events i$ useless. Also, even when
an event doés,pccur, only a few wires have useful signals. Thus, the
recording pr051Em is haae manageable by recording only when events occur
and then recording only the significant wire data.

However, deciding when events occur and which data ére significant
takes time. This is where the CCD comes in. It is Continually memorizing
the wire signa]s——and continually forgetting them after a delay of n clock
periods. if thé-event recognition signal (often called the secondary
trigger) can be generated in a time shorter than n clock periods, then
steps can be taken to save the data that reside, at that instant, inside
the CCD. Also, circuitry at the outputs of the CCDs Can be brought into
play to recognize'and store only significant data. In the scheme described
here, both these steps depend on having the facility to stop or slow the
clock that.is-controlling the'rate at which data flows through the CCD.
For example, the clock can be slowed sufficiently that the quantized
signals at the CCD outputs can be measured by re]dtiyé1y slow ADCs, and the
results can be stored in relatively slow digital mgmdries.

Figure 2 shows an example of a part of a system using CCDs in this
Qay. Here, 16 CCDs are connected to 16 wires of a chamber. While search-

ing for an eveht; the transfer clock runs at a read-in frequency of 20 MHz.
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Thus, the instantaneous amplitude of each wire signal is input to its
CCD every 50 nséc. After n x 50 nsec, where n is the number of CCD cells,
the signal reaches the output of the CCD and is lost.  When an event occurs,
a secondary trigger is generated soon thereafter. The speed of the
transfer clock is then s]owe& to the read-out freqdency. Ih Fig. 2, since
16 CCDs are mditip]exed into the ADC, the read-out”freqdency will be 1/16 MHz
if the ADC;conVéfsion time is 1 usec. s .

The ADC makes.a total of 16n conversions, However, only the small
percentage of these that are éon-zero are stored in ﬁehory. Decisions
as to whether each datum is non-zero and also corréﬁfidns for non-ideal
CCD characteristics are made in the block which is 1ébeled "Digital Data

Selector and Corrector" in Fig. 2.

CCD Characteristics

Commercia}1y‘avai1ab1e CCDs have characteristics which, whi1e not ideél,
are suitable for this application. As described below, suitable calibrating
and‘correcting subsystems can greatly reduce the effects of non-ideal
chéracteristics. -The important characteristics are summarized here. The
details of measurements that support that statement Are presented later.
Linéaritx

Linearity is a measure of how faithfully the output signals systemati-
cally reproduce the input amplitudes. Non-linearities can be tolerated if
they are reasonably stable with time. If so, thé non-linearities can be
measured (calibrated) and corrections éan be applied to the output data.

The correction process is simplified if the deviatign from linearity can

be described by a simple algebraic expression.

- Noise Level

Because a CCD is a clocked device, the output consists of a succession



of QoltagetleVels, each level lasting for one c]dck’period. Noise that
causes randoh variations in output level within a.giten clock period is
generally negligible. The cencern here is with noise processes that
cause the levels to have a fandom uncertainty. For example, with.a con-
stant input. vo]tage, the output levels during success1ve clock periods
will differ from one another because of noise generated internally to the
CCD during the transfer process. Because this noise is unpredictable and
cannot be corrected, it represents a fundamental ]fmit to amplitude
resolution. -

Dark Current

There are'brocesses within the CCD that add charge to the qUanta of
signal being tkansported through the CCD. The amount of charge added is
proportional to:the time the'signal is contained within the CCD. In the
situation described in this paper, the clock frequency is suddenly lowered
during the readout sequence. Thus, successive output levels (during the
readout sequence) result from quantas of signal charge that have spent
successively 1onger times within the CCD. The effect of dark current is to
cause the output baseline (i.e., the output level that would corresbond to
a constant zero input signal voltage) to vary linearly with time during
the readout. fhis situation is shown in Fig. 3. This "baseline shift"
can be corrected if it is sufficiently stable with»timet However, the dark
current imposes a praetical lower 1imit on the readout clock frequency,
and hence ianthces the usable level of analog multiplexing at the output.
This is becauSe'the baseline shift cuts into the available dynamic range
at the output of the CCD. |

- Transfer Inefficiency

The transfer process within the CCD, whereby sighal charge is shifted
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from one cell tb_the next,.is not perfectly efficient. Consider a step
function applied to the input'Such that the sjgna] level changes abruptly
between two transfer clock periods. Because of transfer inefficiency, the
output signal is not a bure step; the total transitidn'may require Several
clock periods at the output. The effect of transfér.inéfficiency, there-
fore, is a si§h$1'shape distortion. In this app]ication, the result can

' be errors in determ1nat1on of peak amp1itude and tlme of arrival of 1nput
pulses. Correct1ons can be app]1ed if the nature of the transfer 1neff1—

ciency is known.

- Measurement Techniques

Figure'4 shéws a block diagrah of the equipment-used for CCD
measurements. fhe transfer c]ock generator noEma]ly‘generates clock
signals at the:chbsen read-in frequency (RIF). Upoh receipt 6f a shift
frequency signal, the transfer clock generator shiffs_to the pre-se]ected}
readout frequency (ROF) for n cycles, where n is thé thber of cells in
" the CCD. )

The evenﬁjﬁrfgger simulates the detection of an évent in a real
dppli&ation; 'The event trigger; synchronized with fhe.clock, triggers
the signal generafor at a constant, but contro]]ab]é,,phase of the clock
signal. The synchroniZed event trigger is also delayed by a preset number
of clock cycles to cause.the shift frequency signal to occur; it also
enables the ADC, and.starts the storage of the digital outputs of the ADC.

At the end‘df the sequence, the digital memory contains n 10-bit
words of data. These data represent fhe complete set of information éon-
tained within the CCD at the instant the shift frequehcy signal occurred.
This includes the signal from the signal generator, which has been delayed
by its passage through the CCD. The data are later transmitted to a digital

computer for aha]ysis.
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- Data Analysis

Dark Current Measurements

For darkfcurfenf measuremehts, the signal genefetok was disconnected,
and the CCD input held at e constant voltage level. The baseline shift
was determieed byvmaking a least-squares stkaight-]ine.fit to the data
acquired dufing'the readout. | o

‘Noise detérminations were made by calcu]atinéftherms deviation of
the data acquifed during the readout from fhe Teast?squares straight-line

fit.

‘Linearity

The 1inearity of the CCD was determined by measuring the output signal
voltages resulting from pu]se inputs of various amplitudes. A calibrated
attenuator was used to vary the input signal, and the 10-bit ADC was used

to measure‘thefoutput voltages.

" Transfer Inefficiency

Figure 5 shows an output signai resulting from-a square pulse voltage
signal applied to the input of the CCD.  (The varieble.delay shown in
Fig. 4 is set so that the frqnt edge of the input pU]se occurs at 0° phase
of the read-in transfer clock). The deviations from a squere pulse signal
at the output are due to transfer inefficiency. | : |

In order to get good.statistfcs, it was'neceSSafy to combine the
results of from 30 to 100 events. Since the computer took a fraction of
a minute to calculate each event, the following procedure was used to
remove the effects of various drifts in the systemlever this number of
events. . The signal generator was adjusted tp.geneﬁate»a pu]se'that lasted
no more than 20 clock periods. A straight-line fit was made, for each

event, to the-data in regions A and C of Fig. 5. In region B, the



 _s-

differences between the actual data points and the straight-line were
calculated and stored. For each clock period of region B, these
differences were.accumu1ated, then divided by the number of events. The
result is an output pu]sé shape averaged over the total number of ethts,

with effects owing to baseline shifts and drifts reduced.

Results of Measurements on the Fairchild CCD 311

The internal organization ofACCD 311 is given in Fig. 6. Analog input
signal in,vo]fage form is app1igd to the input VI (A.or'B channel). The
input samp]ihg‘CTOCk 9 samples the input voltage signaT and injects a
proportionalvamdunt of charge into the first cell of fhe 130-cell-Tong
register. This charge is then transferred from ce]]ito cell by the trans-
port clock signal, 917 OF 41p° Charge'packéts which have been transferred
through the entire analog shift register are applied to a precharged diode
which is connected to the gate of the output MOS amplifier transistor. By
means of a resef-clock ¢k, which drives a reset MOS transistor, the charge
- on the detectorédfode capacitance is recharged during the interval between
two charge packets, The sampled input voltage betwéeﬁ t=o0oand t = tc
appéars at the output terminal 0S at t = 260 tc. Thevreset clock or is
summed internally with output waveform and the composite waveform appears
at the output terhina] 0S. During the measurements, a differential amplifier
was used to e]imfnate the reset clock pulses from the video waveform to
‘recover the ana]og information. |

Measurements have been carried out on two samples, which are referred

to as Samples 1 and 2.

" Linearity Measurements

The results of the linearity méasurements of Samples 1A (i.e., the A

channel of Sample 1) are given for positive-going pulses in Fig. 7(a) and
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for nggativé-gofng‘pulses in Fig. 7(b). Meagurémehté‘have been carried out
at'a transpohfIC1ock frequency of 10 MHz and for dc_bias values of 0, 0.1,
0 25 and Q0. 5V applied to V IA* The moét linear opéhafion and largest dynamic -
range for pos1t1ve going pulses is obtained at a dc b1as of OV (see Fig. 7(a)).
For dc bias values above zero, it can be seen that the curve moves downward.
If the dc b1as_1s considered as a part of the input sygna], other curves
' correspondingjtb different values of dc bias can bé:obfained very easi]y if
only the curve for zero dc b1as is known. As the- dc b1as is. 1ncreased the
- Tinear port1on of the curve for negative- go1ng pu]ses increases (see Fig. b)).
For a dc. bias of 0.1V, the curve can be cons1dered 11near for input pulses
in the range of ( 33 mV)_to (+167 mV); this gives a 5 1 ratio for pos1t1ve—.
and negat1ve—go1ng pulses. |

In Fig. 8,’1jnéérity measurements of four channels are given. These
measureﬁents have been hade at 10 MHz and at_zeho dc bias. The curves are .
the same to within 5 percent; This similiarity has'aléo been observed for
the dc bias values above zero volt.

In Fig. 9 11near1ty measurements on Sample 1A at transport clock
frequencies of 0.5 MHz, 5 MHz, and 10 MHz are given. This figure shows
that the insertion loss of the CCD increases with frequency.

In'Fig. 10, the frequency responses of the samplés are given.
Measurements Qere made at zero dc bias and with an input signal of 0.5V.
The change with transport clock frequency is 15 pérceht for Sample 1A and
10 percent fdr‘Sample ZB. | .

Noise Measurements

Measured rms noise Values versus transport clock frequency for the
different samples‘are given in Fig. 11. A OV dc bias was used. It is

found that noise increases slightly with frequency. ’Af 10 MHz, Sample 2A
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had the lowest measured noise (0.702 mV). This cor?esponds to a signal-to-
noise ratio of 49 db (maximum signal amplitude 200 mV).' A ratio of 48.6 db
was measured for:Samp]e 1A. The signal-to-noise ratio is given in the data
sheet as 50 db at a clock frequency of 10 MHz. |

Transfer Inefficiency Measurement

Transfer ihefficiency product (ne) meésurementﬁ*of‘Sample 1A as a func-
tion 6f the output signai amplitude are given in Fig. 12. A transfer clock
frequeney of 0‘55MH2 was used In the upper set of'poihts, the diamonds
show the ca]culated ne values cons1der1ng only the f1rst deficit (a Vl’ see o
Fig. 5) in the ]ead1ng edge of the pulse, and the de]tas show the calculated
ne values taking into cons1deratjon the first and second deficits, (A V1 and
AVZ) in the leading edge of the pulse. No more thah_two‘deficits are taken
into considerationjbecause it is evident that, by neg]ecting the high order
deficits (AV3, AV4, ...), & negligible error on the Ealculated ne is
introduced. w{thin the experimental errors, ne is constant through the dynamic
range except for large output values. In the 1iteratute; ne or ¢ is often
given using an input signal that eorresponds to the_half of the makimum full
well (1/2 maximum dynam1c range). VIf we fol]dw the seme rule, for about
100 mV output ne = 5 ¥ 0. 35 percent (considering the f1rst two deficits) ahd

=4.70 ¥ 0.25 percent (considering only first def1c1t). These values
correspond to values of ¢ = 1.923 x 10™% % 0.135 x 10™* and 1.807 x 107*
per transfer, respectively. In the lower part of F1g 12 the exper1menta1
errors in measuring ne are given. _

Some ne versus output measurements have been hade‘using the other

samples and similar results are obtained. For 100 mV output signal, calcu-

lated values of ne are given below.



% ne = AV1 % ne = AV1 + AV2

out “out

1A 4.70 ¥ 0.25 5.00 ¥ 0.35
18 4.50 ¥ 0.25  4.80 ¥ 0.35
2A  4.30 F0.25  4.60 F 0.35
28 4.60 ¥ 0.25  4.90 ¥ 0.35

| Sample

It is found that by applying a small amount of dc bias (fat zero), ne
can be decre&ééd.- The decrease of ne by dc bias is shown in Fig. 13 for
Samplé 1A at a transport clock frequency of 0.5 MH;.; Most of the decrease

of ne takes p1acé for the first 10 percent bias vé1ﬁé1(ne decreases roughly
50 percent). Above 10 percent increase of dc biaél'thé decrease in ne is_
very small. |

The measured values of ne versus frequency fof Sample 1A are given
in Fig. 14.' No hoticeable change in ne has been found in the frequency
range of 0.5-10 MHz. |

At 10 MHz, ne 9a1ues of the other samples have»beén measdred; it is

found that the measured values are in agreement with the values given in

the table above.

Dark Current Measurements

Iﬁ is found that the shift in the baseline due to the dark current is
linear. Because a constant-temperature chamber was not avéj]ab]e, no
precise dark¥current measurements have been taken. .Eut at normal room
temperatures the measured dark currenf was always the value of 1 mV/msec

~given in the data sheet.

"~ Results of Measurements on the Fairchild CCD 321
A block diagram of the internal organization of the Fairchild CCD 321
is shown in Fig. 15. The charge injection part consists of two gates and

a diode. During the operation, ¢g is clocked to‘sample the input signal
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that is applied at the VI input. VR is a dc reference'potential, and the
injected charge which is stored into the firsthwe11 of the 455 cell register
will be roughjy_proportiona] to VR-VI.

Registers.are operated in the one and one-half phase mode, where one
phase is a ciook and the other is V2, a dc potentia] Charge packets that
have. transferred through the entire analog shift reg1ster are applied to
the output amp11f1er, the output amp11f1er cons1sts of three source-follower
stages with constant-current source bias. A samp]e and‘hold trans1stor is
located between the second and third stages If ¢R,”reset clock, is con-
nected to VDD’ output drain voltage, an output in é pu]se modulated form ‘___‘
will be obta1ned; otherwise a continuous output waveform will be obtained.
The sampled inout voltage between t = 0 and t = tc apoears at the output
terminal V0 at t = 910 tc. | |

Measurements were made on four samples of_Fairchild CCD 321 to deter-
mine 11nearity;”transfer inefficiency, and noise. During the measurements,
the values given Be1ow are kept constant (see Fig. 16).

Analog shift register transport c]ocksblow

V¢L = ‘ | = OV
V¢H = Analog shift register transport clocks high = 17V
V¢SL = Input sampling clocks low = OY
V¢SH = Input sampling clocks high o = 16V
Vop = Qutput drain voltage _ = 17V
V2 =. Analog shift register de transport = 8.5V

Symmetrical clock pulses with about 7 nsec rise'énd'fall times were
used. Rise and fall times of the sample pulse were about 7 nsec.

Linearity Measurements

Linearity measurements have been made using the four samples; similar

results were obtained. Figure_17 shows the linearity measurements of
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Sample 1 for different'va}ues of Vo (analog reference input), and VI (analog

input bias). for a transport clock frequency of 1 -MHz.. (In the data sheets,

it is noted ;hat to qbtain proper operation, VR and.VI:may be adjusted with-

in the rangé of 8-13V.) It is noticed that for low values of Vo, linearity
is bettér. Similar resu]ts have been obtained wifh:the other samples.

- Figure 18 gives the linearity measurements fdk'thé four samples for
VR = 9V and a transport clock frequency. No Outpﬁtfﬁas dbtained for
v >8.15V with Sample 2. For Sample 3, no output was obtained for V»8.40V.
‘ A1l the:sAMp1es except Sample 3'gave,apout_thé éahe gain (3 db) and a
one volt dyhéﬁiC'range for'positive-going pulses. -

Figure»i9(a) (positive-going signals) and Fig.‘19(b)(nega;ive§going
signals) show the results of another experiment thatIWas carried out using
Sample 1 at a transport clock frequency of 1 MHz. 'Méasurements show that
if the Vi 1nctéé$es, the increased part of V; can be considered as a part
of the input signal and the output for different values of,VI can be
plotted easily. By adjusting the VI bias, the linear portions of the curves
for both positive- and negative-going pulses .can béfadjuéted.

Transfer Inefficiency Measurements

The measured transfer inefficiency product (ne) versus output signal
amplitude of Sample 1 is given in Fig. 20 for a transport frequency of
1 MHz. It can be shown that neglecting the higﬁ okder deficits (AV4,
AV5, ced) causes;é negligible error in the calculated values of ne. For
this reason, oﬁ]y the calculated ne values from considerations of the first
one, the first twot and the first three deficits are given in Fig. 20.

For output signals of 500 mV, the corresponding ne values are:

AVl = 8.40 + 0.50%; AVl + AV2 = 9.40 ¥ 0.7%; and AVl + AV2 + AV3 =

out _ out Vout
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9.60 ¥ 0.90%. These correspond to (9.23 + 0.55) x-1o‘5; (10.33 + 0.77) «x

3 loss per transfer;freSpective1y.

107%; and (10.55 ¥ 0.389) x 10°

It wasvfoﬁhd that ne varies with (VR-VI). The lowest values of ne
were obtained at the highest values of (Vp-vy).

‘Figure éllshOWS the measured ne values Qersus'ffequency for Sample 1.
| There appears to be a slight increase of ne with freduehcy, but within the
experimental errers, it could be considered constaﬁt;w Figure 22 showe the
normalized ne velues versus frequency. Except forléahp1e 3, a slight in-
crease with freqeency has been noticed. ‘ | e}

Figure-23_show the normalized frequency response.of four samp]es.
Above 10 MHi'fhé;gain of the CCDs decreases. AtVZQ‘MHz, the worst value
is 0.75 for Semple'3. Sample 1 changed the Ieast.‘ . |

Noise Measurements

In Fig. 24, noise measurements vefsus frequenc}fare given for the four
samples. A siiéht increase in noise with frequency is found. At 15 MHz,
the maximdm meesufed noise is 1.71 mV (rms) for Sample 4, and the minimum
is 1.66 mV (rms) for Sample 2. On the data sheet, signal-to-noise ratio

is given at 55 db'at 15 MHz. For an output of IOOO;mV output, 55 db cor-

responds to 1.78 mV (rms) of noise. The signal-tofnoise ratio in the data

sheet is obtained using a noisemeter that has a bandwidth of 4.2 MHz.

Dark Current Measurements

| It is fdund that the shift in the baseline due to:dark current is
linear. Although the dark current at 25°C is given.as 10 mV/msec in the
data sheet, present measurements at room temperature indicate that its
value is larger than that. Because a constant temperature chamber was
not available, no precise dark-current measurements were‘taken..

Timing Measurements

Requirements for timing between the transport and sample clocks to

»
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obtain proper operation were investigated. Timing harameters are shown

in Fig. 16, and measured maximum and minimum usable values are given in

Table 1.

TABLE 1 TIMING REQUIREMENTS FOR TRANSPORT AND SAMPLE PULSE

Given Typical Values Measured Minimum Measured Maximum

Time 1in Data Sheet (nsec) Values (nsec) 'vV§1ues {nsec)
t, 10 5 ' '40 and up
t, 10 5 | _40 and'up
t3 5.0 5 100{and up
ty © 5.0 5 100" and up
ts 15 10 100 and up
te 5.0 5 | 40 and up
t7 5.0 5 ' 40'and up
t8 5.0 5 40 and up

The following conclusions were reached.

1.

It is found that in timing requirements only the minimum values

- are important; it is noticed that only the ffequency will limit

the maximum va]ués (except Sample 3).

It is not necessary to use a symmetrical wavé shape for the
tfansport'c1ock. -

The change in the amp]itude of the transport clock between 16
and 18V, and of the sampling pulse between 14 and 17V makes. no
noticeable change on the operation

To obtain a low ne at high frequencies (i.e;, 20 MHz), the Voo
should not be less than 17V. o
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Theoretical Considerations

In th1§ Section, certain theoretical aspécts of CCD technology
are reviewed.. Particular attention is given to those.éspects related to
the measurements described above.
Linearity

In a suitabiy designed and operated CCD, the transfer loss will be
proportiona]vfthhe signal charge. Therefore, non4]iﬁearities associated
with the transfér}of the chérge packets should be neingible as compared
to non-1ineafitié§ related to the signal injection.énd detection.

7 For good 1ihearity, the relation between the fnjetted charge packets;
-and the input'sighal must be stable and linear withiﬁ‘the dynamic range
of the device. The dependence on the threshold vo]fage must be as small
as possiblé.- Thé'linearity of the voltage sensitive input using the "diode
cutoff" methéd is Timited by the changing depletion capacitance of the
metering potential well and by charge redistributioﬁvgffects during turn-

2 The quantity of charge carriers in the metering

off of the cutoff gate.
well follows fhe-input signal while the input gate 5$<obén. However, if
the gate is tdrhed off rapidly, or if the cutoff point chahges with time,
a charge sp]ashing takes place. If the sampling gate is closed slowly--
that is, with‘a ramp function--a considerable change in the effective
sampling momemt takes place and produces some additibné] non-linearities.
This means the linearity of the CCD in a system depéhds in part on the
control signa]iwaQeforms. o

‘ Another source of non-linearity is at the CCD output, where signal
“distortion can be introduced by the detection node. The change in the

depletion capacitance around the sensing diode or ardund_the potential

well in which the signal will be detected produces a. non-linear term.
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'By using an increased channel width in the sensing'MOS-FET,-this problem
can be solved. This MOS-FET arrangement a]soIIOWersithe output impedance.

Transfer Inefficiency

Transfer inefficiency is one of the most impOrtanf parameters of a
charge-coupled deVice, because it influences direCtly‘the fidelity of wave
shapes of the signals. Transfer inefficiency, ¢ = (1-n), was first defined
by Joyce and_Bertram.3 In this equation n shows the'tfansfer efficiency
for a singlé transfer.4’5 - If ¢ is multiplied by the number of transfers,
n, required tb traverse the device, the transfer inefficiency product, ne
is obtained. o

In a buried-channel CCD (BCCD), there are twbiﬁﬁufces of transfer
~ inefficiency. First, charge carriers may be 1nhiﬁftéd'from moviﬁg‘becaﬁse
of the 1oca1,regions of lower poteﬁfia] energy. This problem is related
with the design of a particular device. Recent adyaﬁces in CCD technology
have considerably reduced the importance of this prbbiem. Second, the
operation frequency may be so high that there is nof enough time for af]
the charge carriers to follow the movement of the pdtentiél wells.,

If ¢ is.a constant fraction and independent of-signa] charge, the
proddct, ne, 1néfeases 1iﬁear1y with the number of transfers.

If CCD is operafed without a fat zero (which mééhs the zero signal is
represented by a truly empty well), the 1eadfng edgevof a pulse train
vexperiences some additonal loss. A certain amount~of charge, &, in the
leading edge of the pulse train goes to fill the interface states of bulk
traps (BCCD). . If the first charge packet cannot provide enough charge to
fi11 the traps and interface states, the second charge packet will provide
additional charge, and so on. |

In the CCD, the total transfer loss can be descfibed with the combina-

tion of these two losses. First, a fraction loss, ¢, proportional to the



-18-

signal; second, a constant loss, &, which is ihdependeht of the signal
and increases with the number of preceding empty packets,

Three soumoes contribute to BCCD noise: '1nputvnoise, transfer noise,
and output noise. Various mechanisms internal to the BCCD giue rise to
these three noise sources. =

It should be careful]y noted that, w1th the except1on of the output
amplifier noise, all noise sources contribute to n01se -or uncertainties,
in the output s1gna1 levels. Cons1der for a moment an output amp11f1er
that is noise free. Also imagine that a constant vo]tage is applied to
the signal input ot the CCD. Then, during each transfer-c]ock-period,

a constant voltage level will appear at the signal output of the CCD;

_ however, the 1eve1$ will vary from one clock period to the next because
~of the internaT_noise sources. ff we now consider the’output amplifier
to be noisy, a certain amount of “real-time" noise iS»added--that is,
there will now be random fluctuations in the output signal during each
clock period. The latter are usually smaller than the.fiuctuations from
one level to the next arising from the internal noise sources.

Input Noise '

The noise thét comes from the input of a CCD largely dependsvon the
charge-injection procedure. The charge injection from source diffusion
into a potential well is a random process because of the thermal noise
in the fesistance'of the input circuit. For this reaeon, the number of
injected carriers is a random variable.

In the "diode cutoff" method, the noise that comes from the inser-
tion of the carriers may be higher. Thjo results from the excessive
fluctuations associated with the dynamic settino of charge and the random

fluctuations in the voltage levels and pulse jitter'ofhthe clocking pulses.
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In the case where the sampling gate is pulsed, thé_tufn-off of the input
channel also produces some additional-nofse fTuctﬁatidns due to the parti-
tioning of the input channel charge between'the input diode and the first
_potehtia] We11;:

Transfer Noise

In‘a BCCD, a certain amount of charge is left behfnd at each transfer
és charge paékets travel along the CCD. These chargeslleft behind éhow
random f]uctuatibns, and therefore introduce noise. 'Due-to the cdrre]afion
of the incomp1éte charge transfer fluctuations in;the heighboring charge
packets, thexﬁpéétral'density of tﬁe transfer noiéeuis suppressed at low
frequenciesis’7 There are two sources.contributihg;fo3the transfer noise
in BCCD's: 'bu]k state noise and dark-current noise;:

Bulk state noise--because of the trapping and emission of bulk states,.

the transfer of carriers from one site to another shows fluctqations and
therefore intrdduées noise in the signal traveling aiong the BCCD.8’9
Because of the‘d%screte trap levels 1n‘the bulk, the associated noise is
frequency dependenf. This noise is also dependent on the signal size. If
thé signal charge decreases in size, its occupied volume will also decrease.

This means that the number of bulk states it interatfs with will also decrease.

Dark current noise--the intrinsic generation of the hole electron pairs

in the dep]efed éilicone substrate, the diffusion of minority carriers from_
the neutral bulk, and the carriers generated in the depleted region by recom-
bination-generation centers aré the main sources of.dark current.  All
these phenomena are random.

Although current densities as low as 5nA cm"2 are obtained at room
temperature, some ce]is may have local current densities of several

hundred nanoampere per square centimeter. The high local current densities
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result from the presence of certain impurities in the bulk; these impuri-
ties create the necessary midbénd recombination cenfers.

If the transport clock frequency is chahged during.the operation of a
CCD, (as in the‘application described above) the amount of dark current in
‘the individual cé]]s is different, and é fixed pattern of noise will be
observed at the output of the CCD. By cooling the CCD, both dark current_

and the dark current noise can be reduced.

Output noisé--there are two sources of CCD outpuf nbise: reset noise
and output ambjifier noise. |

Reset noisé::'lf the CCD read out involves fhe charging of a capaci-
tance through a s@itch (reset), another noise contribution appears. Due
to thermal noise in the reset circuit, the reset level is a random variab}e.

Qutput amplifier noise: The output voltage due to the various noise

sources of thé output amp]ifier is a random variablé,fj

If the totaT experimental noise is considered, 6£her noise soufces
such as the qﬁanfézation noise at the Ana]og-to-Digital-Converter should
be considered. - The ADC unit used in the experimentaT'set Up introduced
a noise which can be called quantization noise. Since it was a 10-bit
ADC unit, a quantizatioh noise which corresponds 60.db'signal-to-noise
ratio was introduced by this unit.

Other amplifier units used after the CCD will also introduce noise.
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Captions

A schematic representation of a typical CCD.

S1mp11f1ed block diagram of a port1on of a chamber read-out system
using CCDs Sixteen chamber wire signal channels are shown.

This shows the effects of CCD dark current at the output of the
CCD during a read-in/read-out sequence. This input (wire) signal

is assumed to be held continuously at its zero 1eve1

B]ockvd1agram of the system used to measure.the CCD characteristics.

Waveform at output of CCD when a pulse of the order of ten clock
periods wide is applied to the input. This shows the deficits
on leading and trailing edges caused by transfer inefficiency,
and the baseline shift caused by dark current. The effect of
internally generated noise on the baseline is also shown.

Internal'organization of Fairchild CCD 311.

. Result of linearity measurements on Sample 1A of Fairchild 311

for. (a) positive- go1ng pulses and (b) negative-going pu]ses

Results of 11near1ty measurements on four channe]s of CCD 311.
A1l at a dc:bias of OV. : :

Results of linearity measurements on one channe] of CCD 311 at
three transport clock frequencies. :

Transportyclock frequency responses of four samples of CCD 311.
For each sample, the output is normalized at;10 MHz.

RMS output noise as a function of transport clock frequency
for CCD 311. o

Transfer inefficiency product (upper curves)‘as a function of

.~ output signal amplitude, together with experimental errors

(lower curves) for CCD 311.
Transfer inefficiency product versus bias-charge for CCD 311.

Transfer inefficiency product versus transport clock frequency
for CCD 311.

Internal organization of Fairchild CCD 321.
Transbort clock and sampling clock parameters.

Output versus input for Sample 1 of the Fa1rch11d 321 forfbur
bias conditions.

Output_versus input for four samples of FatrChi]d 321.
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Output versus input for (a) positive- go1ng s1gnals. and (b) for

,negat1ve going s1gnals for CCD 321 Sample 1 for four values of VI{

Transfer inefficiency product (upper po1nts) and measurement
errors (lower po1nts) as a function of output signal amplitude

- for CCD 321.

Transfer inefficiency product as a funct1on of transport clock
frequency for Sample 1 of CCD 321.

Norma11zed transfer inefficiency product versus frequency CCD 321.

Normalized output response versus transport c1ock frequency for
cCcD 321

0utput noise versus transport clock frequency for CCD 321.
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