
Characterization of Surface Channel CCD Image Arrays at Low 
Light Levels'~ 

Marvin H. White,DonaldR. Lampe, Franklyn C. Blaha, Ingham A. Mack 

Westinghouse Electric Corporation, Advanced Technology Laboratories, 
Baltimore, Maryland 21203 

ABSTRACT 

The characteristics of surface channel CCD line imagers with front-surface 
imaging, interline transfer, and 2-phase stepped oxide, aluminum and silicon-gate CCD 
registers, are presented in this paper, The analysis, design, and evaluation of 
1 x 64 CCD line arrays are described in terms of their performance at low light levels, 
The signal-to-noise, SIN, is formulated in terms of charge at the collection diode, 
A dynamic range of 80 dB and a noise equivalent signal (NES), where S/N = l, of 135 
electrons is achieved with a picture element time of 20J.L sec and an integration time of 
1. 32 msec in the absence of a fat-zero. A unique CMOS readout circuit, which uses 
correlated double sampling within a picture element time window, retnoves the Nyquist 
noise of the reset switch, eliminates switching transients, and suppresses low-frequency 
noise to provide low-noise analog signal processing of the video signals. This paper 
describes the responsivity, resolution, spectral and noise measurements on silicon-
gate CCD sensors and CCD interline shift-registers. The influence of transfer 
inefficiency and electrical fat-zero insertion on resolution and noise is described at 
low light levels. 

*A condensation of a paper to appear in the Journal of Solid State Circuits. 
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I. CCD. LINE ARRAYS AND SIGNAL 
PROCESSING 

Figure 1 illustrates the line array 
functional block diagram. The interline 
transfer approach requires a transfer 
pulse, <P T• at the start of a line time to 
transfer the stored photocharge from the 
individual sensor locations to a corre­
sponding bit in the parallel-to- serial CCD 
shift register. In our case, a 2-phase 
clock system transfers the charge along 
the shift register to a CMOS readout cir­
cuit. The shift register is a 2-phase 
stepped-oxide geometry with a surface field 
and potential profile as shown in figure 2. 
Figure 3 is an enlargement of the CCD 
linear array after the definition of the shift­
register with an aluminum interconnection. 
The sensors are constructed with trans­
parent, conductive, polycrystalline 
silicon-gate electrodes with a N+ stopper 
diffusion {N-type, <lOO>substrates) on 
three sides. The sensors are defined by 
an aluminum light shield, which also serves 
to cover the CCD shift-register and CMOS 

readout circuits. The CCD line array is 
constructed of 128 CCD sensors with a 2P 
offset in the along track direction {P=l5 J.Lm, 
6x = 22J.Lm, Ay::: 18.um). The dimension 
6x is in the across track direction and 6 y 

is in the along-track mechanical-scan 
direction. 

Figure 4 illustrates the CMOS read­
out circuit, which consists of a multiplex 
gate {i.e., muxgate<PM), a reverse-biased col­
lection diode, n-channel MOS reset switch 
{i.e., reset gate <P R), and p-channel MOS 
electrometer amplifier. The voltage wave­
form on the gate of the electrometer is also 
displayed in figure 4. The four timing 
intervals comprise a pixel (i.e. , picture 
element) time and form the basis of a signal 
processing method called correlated double 
samplingl, 2, The node capacitance at the 
collecting diode is a 0, 25 pF and is not in­
fluenced by the parasitic N+ jP- diode of the 
reset switch, which is reverse-biased to 
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prevent discharge of the collecting node by 
the reset feedthrough "pedestal" when the 
reset switch is turned off. The aluminum 
light shield provides about 0. 03 pF of the 
node capacitance since it rests over 
1. 3 to 1. 5 J.Lm of deposited SiOz and forms 
a ground plane to shield the sensitive out­
put collection circuit from pick-up. In 
the use of a CCD sensor array, the natural 
output is charge integration·, and sampling 
techniques are advantageous to provide on­
chip signal processing and reconstruction, 
With the advent of CCD imagers, the in­
tegrity of the signal charge is maintained 
until signal detection occurs at a common 
collection diode. The importance of this 
point cannot be emphasized too strongly, 
since the problem of signal and clock 

\ 
'I 

interaction is localized at a common 
readout circuit, All of the pixel informa­
tion passes through a common collection 
diode, integrating capacitance, and electro­
amplifier, For a noise current in at the 
input to the preamplifier in figure 4, the 
equivalent noise charge at the collection 
diode is C in/gm' Thus, the small C /gm 
of the electrometer increases the signal­
to-noise charge ratio at the collection 
diode for such noise currents as shot 
noise, preamplifier noise, surface- state 
noise and supply noise, 

The video output voltage is the time 
difference between the previously clamped 
reset level and the same reset level plus 
signal increment introduced by the closure 
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Figure 4. Test Apparatus for Measurement of Responsivity and Noise 
with Typical Output Waveforms, from the Correlated Double Sampling (CDS) 

Analog Signal Processor 

of the MUX switch <t> M (i.e., there is 
negligible leakage o:f the reset level between 
read reset (clamp) and read signal (sample) 
intervals. Thus, the reset noise, which 
includes Nyquist noise and V R power supply 
noise, is correlated within a pixel time 
window. The signal increment, which con­
sists of sensor and shift-register leakage 
current added to photocharge, is amplified 
and passed to the output of the signal por­
cessor by the closure of the sample switch. 
The output video stream is a sequence of 
pixel element responses free from reset 
noise and proportional to the minority 
carrier signal increment introduced by 
closure of the MUX switch. The correlated 
double sampling (CDS) method removes 
switching transiehts and provides dark 
level subtraction similar to an earlier 
technique3, which used a gated charge 
integrator in lieu of storing (clamping) 
the actual diode reset level, for sub-

sequent subtraction from the reset level 
plus signal increment to give the signal 
increment without reset-noise. The 
Nyquist noise of the reset switch has 
been removed, since it is correlated 
within a pixel time, and this means a 
removal of a noise charge 4, 5 

(kTC)l/2 
Qn = 200 e (1) 

q 

for a 0. 25 pF capacitor. 

IT. RESPONSIVITY AND NOISE 
CONSIDERATIONS 

ANALYTICAL FORMULATION 
We can begin by an examination of 

what we mean by responsivity. We will 
define this quantity to be R in pA /mW /mZ 
or current output per input irradiance, ':' 
which makes the responsivity a function 
of sensor area, Suppose we attempt to 
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formulate the responsivity by reference 
to an ideal blackbody source of tempera­
ture Ts [e.g., Ts = 6000° K]. Thus, we 

can write )X2 
Rx H ( X) d;>,. (2 ) x1 s 

R = -------- -= Individual 

fX2 Hs J (X) dX 
Sensor 
Responsivity 

and 

xl 

Rx= spectral responsivity = 
q 11 (X )A 
he/>. 

(3) 

where Hs is the specified source irradiance, 
Xz and x 1 the reference spectral band 
[e. g., ;x 1 = 400 nm, X 2 = 800 nm],A the 
area of the sensor and 'I (X) the effective 
quantum efficiency. Integration of equation 
(3) for the specified temperature source 
and wavelength interval yields, 

(4) 
pA 

R = 0.18611 f A }------z 
~8J..Im x 22J..ImjmW/m~ 

where 'I has been assumed to be constant 
over the wavelength interval. The experi­
mental responsivity may be referenced to 
the gate capacitance C of the electrometer 
in figure 4, and expressed as 

R {l-E)2N CdV ~Q 

= g RfG~E AE = 
m Responsivity 

(5) 

Measured at Col-
lection Diode 

where C is the node capacitance at the gate 
of the electrometer, gm the electrometer 
transconductance, RF the preamplifier 
feedback resistance, G the gain of the sig­
nal processor following the preamplifier, 
and 6y the change in video output voltage 
for a change in input exposure density 6 E. 
The responsivity of each sensor is degraded 
by a factor (1- E )2N, where ZN is the numb.er 
of transfers the signal undergoes before it 
reaches the collection diode. In practice, 
the integral in the numerator of equation 
(2), which represents current output, is 

~•R may easily be converted to 
electrons /microjoule /m2. 
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obtained with a test source whose spectral 
irradiance profile is known. The irradiance 
supplied by the test source, while effective 
over the entire spectral response of the 
sensor (i. e. , 200 nm to 1200 nm for silicon), 
is converted to an effective irradiance from 
a 6000° K blackbody source in the 400 nm to 
800 nm window. 

The measurement procedure involves 
the use of a 10 bit A/D converter, which 
provides an accuracy of 1024 bits. In 
practice, the signal output from each sensor 
element in the array is sampled 1024 times 
at each irradiance level and recorded in 
terms of A/D bits. The mean and variance 
corresponds to the uncertainty or noise as 
determined over 1024 samples. With these 
quantities we can determine linearity, 
streaking, responsivity, noise, etc. The 
measurement circuit is illustrated in figure 
4, which shows the timing sequence at the 
preamplifier output and video output signal. 
The noise is converted from rms A/D bits 
to an equivalent input exposure density, 
(microjoules /m2 ) called the· noise equivalent 
signal (NES), by multiplying the rms A /D 
bits by the reciprocal slope of the transfer · 
curve at the particular irradiance level 
(exposure density). The transfer curve is 
essentially a plot of signal A/D bits versus 
input exposure density. The reciprocal 
slope of the transfer curve is called the 
quantizing interval and is given as, 

~E ( J..l J ) 
QI = d(A/D bits) 2 b' 

m · 1t 
(6) 

Thus, if we have BRMS bits variance at a 
specified irradiance level, then the NES 
becomes 

(7) 

The NES, which is measured by the above 
procedure, consists of 4 principal terms: 

a. System noise fr'om analog signal 
processor, power· supplies, pulse jitter, 
mechanical vibrations, etc. 

b. Chip noise from the CCD sensor 
array. This noise is determined by geo­
metrical design and fabrication processes 



for the chip 

c. Radiation shot noise from the 
fluctuat10n in arriving signal photons and 
which represents a background limited 
performance 

d. Quantization noise from the un­

certainty associated with the finite size of 
the quantizing interval a1. 
The measured or total NES is given as 

NEST2 (total) = NES 2 + NES 2 . + (S) 
syst ch1p 

QI2 
_g!: 
R +12" 

where the radiation .shot noise term involves 
the exposure density and the quantization 
noise assumes an error which varies linear­
ly with time. 6 

We can formulate analytically the chip 
NES at the collection diode in figure 4. 
There are 3' sources of noise on the CCD 
chip: 

a. Nyquist noise at the reset switch 
and output capacitance Q2 = kTC n 

b. Thermal shot noise associated with 
the sensor and shift register 

Q~ = q[ILR + 
ILS(l- E ) 2N]T, where T =line read-out time 

= integration or 
exposure time 

c. Surface state noise associated 
with the transfer of charge to and from 
Si-Si02 interface states within the sensor, 
shift-register and electrometer amplifier 

Q2 = kTC t n s 

where Cst is an effective surface state 
capacitance, determined by the number of 
transfers, the clock frequency, the effec­
tive bandwidth of the signal processor, etc. 
We have mentioned that the correlated 
double sampling removes the Nyquist noise 
of the reset switch, however; we will 
include this term in the formulation of 
signal-to-noise, written as 

..§. _ Signal Charge _ (9) 
N -Noise Charge -

R(l- E ) 2NE 

If we set the S/N = 1 in the equation (5-7), then 
the chip NES becomes, 

NES h" = (10) c lp 

( kT(C + C ) + q[I +I (l-E)2N]r)l/2 
st LR LS 

R(l-E )ZN 

MEASUREMENTS 
·Table 1 lists the experimental measure­

ments of parameters associated with a 
1 x 64 element CCD line array. The ex­
perimental rcsponsivity calculated fron-1 
these parameters [see equation (5)] is 

R(exp) 
0. 065 pA ( 406e- ) 

2 2 
mW /m J1J /m 

(11) 

and substitution of equation (11) into equa­
tion (4) yields 

(12) 
')(effective) = 0. 35 

for the CCD sensor. The effective quantum 
efficiency calculated for this CCD sensor 
must be taken with caution since the rela­
tive spectral response profile displays int.er­
ference fringes due to the 2~ polysilicon 
electrode over a lk)( gate oxidation. The 
relative spectral responses of the CCD 
sensor compared with a diffused P + I 
p- /N(xj = 12J.&m) photodiode are shown in 
figure 5. The photodiode response illus­
trates a constant auantum efficiency 11 = 

0. 65 between 400 nm and 800 nm, and the 
responsivity for an equivalent area size is 

0,124 pA/ 2 
mW m . Thus, it is clear that a 

photodiode sensor would have a definite ad­
vantage over its CCD sensor counterpart. 
Both sensors are overcoated with approxi­
mately 311m of Si02 . 
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TABLE 1 

EXPERIMENTAL PARAMETERS OF CCD 
READOUT CIRCUIT AND ANALOG 

SIGNAL PROCESSOR 

gm = Z50!l mho G = 2. 57 

E = 290 llJ /m 
2 

~ = 75K ohm 

A = 18J.Lm x ZZJ.Lm T = 1. 32 msec 

2N+3 = 5 to 133 V = -12V 
R 

fl. V = 3. 56v 

C = 0. 25 pF 

E = 10- 4 

The dynamic range of a CCD sensor 
line array (lx64 element) is shown in figure 
6. This particular CCD array had a high 
quantizing interval QI = O.S?J.LJ/m2 • bit. 
Figure 6 illustrates tne vanance or noise 
measured for the correlated and uncorrela­
ted noise, we reversed the clamp and 
sample sequence so that they were not per­
formed in the same pixel time window. This 
is proof of the correlated double sampling 
technique in action. Measurements had 
been taken on another CCD line array with 

a lowerleakage current (1.5 pA/well), and 
the total NES measured was 0.40~J.J/m2 
(160e-) for a quantizing interval of 0.03~J.J/ 
m2• bit. This total NES is less than the 
Nyquist noise contr.ibution, which is 

NES(Nyquist) 
(2kTC)1 12 

R 

O. 70 J.<J(284e-) 
2 

m 

(13) 

where the factor of 2 is used to illustrate the 
uncorrelated case of 2 independent readings 
of clamp and sample. The NES values 
shown in figure 6 are for the basic sensor 
chip. The system NES =o.ls;~ which is 

referred to the input of the electrometer 
amplifier. As figure 6 illustrates, the 
dynam.ic range is about 7 5 dB for this par­
ticular CCD array, with a chip NES=260e-; 
measurements on lower leakage devices 
indicate a chip NES = 135e- and a dynamic 
range of 80 dB. All of the measurements 
were performed under uniform irradiance 
(line timeT= 1. 32 msec) with the limita-
tion as the "shot" noise as so cia ted with til:! 
leakage current on the chip. For example, 
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the device measured in figure 6 had a 
leakage current ILR = 7. 0 pA in the regis­
ter (the sensor leakage current lLs was 
negligible compared with the register 
leakage current because of the low sensor 
bias voltage V s = -8v.) and the shot noise 
NES contribution. 

(qiLRT ) 
NES(shot) = R 

1/2 

= 

o. 591 f..IJ(240e-) 
m 

(14) 

which accounts for most of the noise. In 
the low leakage devices the measured chip 

NES = O. 33 ~(l3 5 e-) can be attributed 
m 

to the leakage current of 1. 5 pA /well or a 

NES = O. 275 .t:r., (ll2 e-). The remaining 
n1c. 

noise is attributed to the surface-state· 
noise 7-- in the low leakage device this 

is a NES = O.l8;&(74e-). Table 2 summa-

rizes the noise performance and noise 
sources which influence· the performance 
of the CCD array. 

If we inject an electrical fat- zero 
(20 percent full CCD well) into the shift­
register, the output is uniform because of 
improved transfer efficiency. An electri­
fat-zero injected over the entire pixel time 
window produced a high, non-uniform noise 
at the output. The output noise for a 10 
percent full CCD well under these condi­
tions was approximately 4 . 0~ (l60oe-) 

m 
and consisted of irregular "burst" noise. 
When the time window for electrical 
injections was narrowed to about 1 percent 
of the pixel window, the output noise for a 
20 percent full CCD well was reduced to 

approximately 3 . 0~2 (lZOoe-) with no evi-

dence of irregular noise. The method of 
electrical fat-zero injection requires fur­
ther investigation before production of a 
truly low noise injection process. 

TABLE 2 
SUMMARY OF NOISE PERFORMANCE OF CCD IMAGING ARRAY 

r = 1. 32 msec (NO ELECTRICAL FAT ZERO) 

R = 406 e- ff..IJ /m2 

f..IJ 
Total NES (measured) at 166--z= 0,74~ 

= 

m 1/2 

Calculated radiation shot noise (.9.!!_) 
R 

Signal Processor Noise (measured system noise) 

2 
QI)l/2 

Quantizing Noise 12 = 

NES (chip) = ( (0. 74)2 - (0. 64)2 - (0.15)2 - (0. 087)2 ) l/2 = 

= (kTC st + qiLR )112 (theoretical) 

(. I T )1/2 
q LR 

NES (shot)=---R--- = 

(kTC st)l/2 
NES (surface) = R 

0.33 

m 

0.6~ 
m 

0.15 f..IJ 
n12 

o.o8g 

0.33$ 

0. 34~~ 

o. 275 ~J 
m 

o.2o-q 
m 

>.'<Anwthod for low-noise, electrical injection of a fat-zero (8) can give a NES less than the 
simple shot noise associated with the fat-zero. 
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ill. LOW LIGHT LEVEL IMAGING 

In order to evaluate the CCD line arrays, 
we employed a rotating drum to provide the 
along-track image motion while the line 
array was scanned electronically in the 
across-track direction. A transparency 
was mounted on the drum a.nd irradiated 
by a calibrated source, with all irradiance 
levels refer·enced to a blackbody source at 
6000° K in the 400 nm to 800 nm band. 
Figure 7 illustrates the low light level 
perfonnance of the CCD 1 x 64 element 
line array with 3 msec exposure time 
(0. 75 msec line readout time) and a highlight 
irradiance of 18.7 mW /m2, which is 
about 120 pA of signal current. Our min­
imum detectable signal with a 20 per-
cent fat-zero is 0. 97 mW /m2 or about 
6 pA. The minimum detectable signal, 
if we could introduce the fat-zero with 
negligible noise,'~ is 0. 08 mW /mZ or 
about 0. 4 pA. Notice the loss in resolu-
tion if we remove the electrical fat-zero. 
In the scene 'of the White House, the 

elements furthest from the collecting diode 
are at the top of the picture. It is apparent 
that the long number of empty CCD wells 
(as denoted by the black "tree" area), affects 
the resolution severely, since these wells 
do not have a background "radiation fat­
zero" to provide low transfer inefficiencies. 

Since a CCD nnager uses an analog shift 
register, we must have low leakage register 
elements in addition to the requirements of 
low leakage sensor elements. With the inter­
line transfer method we can separate the 
causes of leakage in an imager by simply 
turning on and off the transfer gate. In 
general, we encounter more leakage in the 
shift-register than the sensor elements. 
One advantage of the interline transfer ap­
proach is that the shift-register can be 
operated "free- running" to distribute the 
leakage throughout the register. If the 
register is ''blanked" or held stationary for 
a period of time, then the local dark-current 
spots will begin to saturate the analog signal 
processor. 

Figure 7. Low-Light Level Imaging With and Without 
an Electrical Fat Zero 
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IV. CONCLUSIONS 

We have developed a method of signal 
processing called correlated double sampling, 
which removes the switching transients at the 
output collection diode, eliminates the Ny­
quist noise of the reset switch-output capa­
citance combination, provides de restoration, 
increases dynamic range and suppresses 
surface state and 1/f noise contributions. 
The analog signal processor, which uses 
this technique, has been operated with clock 
frequencies from 800 Hz to over 3 mHz. 
We have measured the intrinsic noise­
equivalent-signal (NES) or minimum detec­
table input exposure density of the CCD 
imager with this technique. The primary 
limitation to the NES is the shot noise 
associated with thermal leakage current 
generated in the sensor and shift-register. 
The surface channel CCD imager requires 
a 20 percent fat--zero for transfer ineffi­
ciency E :$10-4 to obtain geometrical resolu­
tion. The excess noise associated with the 
electrical fat -zero limits the sensitivity of 
the surface channel CCD, and attention 
must be directed toward a method of low 
noise electrical injection. For an electri­
cal fat-zero introduced by a gated diode, 
our measurements indicate a noise charge 
of 1000 to 1200 electrons; however, are­
design of the input electrical injection 
circuitS should enable surface channel 
CCD' s to operate with anNES limited by 
thermal leakage shot noise and a dynamic 
range in excess of 80 dB. For our simple 
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gated diode injection circuit with a 20 per­
cent fat-zero, we have achieved greater 
than 50 dB dynamic range with less than 
.±_ 2 percent deviation from linearity over 
this range and less than + 3 percent variation 
in responsivity and NES ;:cross a lx64 ele­
ment line array. The dark current varia­
tion was less than.±. 3 percent across the 
array. We have made measurements with­
out an electrical fat-zero and under uniform 
exposure, to indicate a noise charge of 135 
electrons at an integration time of 1. 3Z 
msec. This noise was associated pri­
marily with the thermal leakage current 
in the CCD shift-register. The thermal 
leakage current on the better arrays was 
about 50nA/cmZ. 

Spectral response and responsivity 
measurements indicate a non-uniform 
spectral response, due to interference 
fringes caused by the silicon gate thick-
ness and the underlying SiOz. The effec­
tive quantum efficiency of the silicon gate 
CCD sensor in the range from 400 nm to 
800 nm was lJ = 0. 35, compared with a 
photodiode "'= 0. 65, which is constant. 
Consideration should be given to the design 
of the CCD imaging array with the use of a 
diffused photodiode for the sensor. The 
gm/C ratio should be increased at the out­
put collection diode to overcome system 
noise limitations, and the quantizing in­
terval, Or, if digital signal processing is 
used, should be decreased in accordance 
with dynamic range and data rate limitations. 
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