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Fig. 2. Layout of prototype device for demonstrating circuit operation.
A 1-mil (or 25.4 um) design rule was utilized. Interelectrode gap size
exaggerated.
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Fig. 3. Photograph of bonded prototype device. 1 mil = 25.4 um.

mobility for the devices was 146 cm?/V - s determined from
MOSFET test sites. A charge transfer efficiency test site was
not included in the chip layout since the large geometries re-
quired by the Yale design rules were a priori acknowledged to
yield less than optimal performance and multiple lateral charge
transfers are not employed in the differencer circuit. Though
not relevant to this study, high quality 33-A-gate oxide MOS-
FET’s and capacitors were successfully fabricated as part of
the process used to make the prototype differencer devices
as has been reported previousty [7]-[9].

A layout of the prototype device is shown in Fig. 2, and a
photograph of the fabricated device is shown in Fig. 3. Note
that a 1-mil (25.4 um) design rule was employed (with the
exception of the submicrometer inter-electrode gap). The
layout consists of three stages, a dual input stage, the actual
differencer circuit stage, and an output amplifier stage (not
shown in the figures). The input stage consists of two meter-
ing wells, each 254 um by 254 um in size, for generating the
input charge packets using the surface potential equilibration
technique. The differencer primary electrodes A and B were
laid out as symmetrically as possible to achieve balanced
operation with unity gain. In retrospect, the differencer elec-
trode geometry should have been made narrower but longer
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Iig. 4. Timing diagram for clocked bjases used in characterizing the
prototype device. Vpcy4 refers to the output amplifier precharge or
reset MOSFET. Typical pulse width used was 50 us.

to improve operating speed, though speed was not an initial
issue. Also, more care should have been taken to reduce stray
capacitance attenuation effects in the prototype layout. For
example, the underlap capacitance of the floating collector
diffusion and input stage output transfer gate contributes a
significant stray capacitance. The output amplifier stage used
for reading out the differencer output charge packet is a
source-follower configured MOSFET [10] with a large value
of W/L and an external load resistor.

IV. DEVICE CHARACTERIZATION

A timing diagram illustrating the clocked biases applied to
the prototype device is shown in Fig. 4. Due to the large
geometries employed in the device layout, the fundamental
clock period was kept at 50 us to accomodate the diffusion
limited charge transfer [11]. Note that the gate charge sub-
traction phase is coincident with the fill phase. Although it
is ‘conceptually more difficult to visualize the dynamics of
this operation, the total differencing time is reduced by such
timing without significantly affecting the output charge
packet. In order to separate the linearity distortion and gain
of the input stage and output stage combination, a separate
test site on the chip was employed. By measuring the dc
input current to the separate input stage and the correspond-
ing response of the output amplifier, it was found that the out-
put amplifier delivered a linear 1-V response per 37.7 pC of
input charge for an external source-follower load resistance
Ry, of 500 k2.

Using this calibration factor and stray capacitances com-
puted from the layout, an ideal transfer characteristic for the
charge packet differencer prototype circuit may be con-
structed as shown in Fig. 5. The ideal performance shows
output voltage as a function of input stage A and B channel
voltages for Vx, set equal to -4.0 V. For increasing A chan-
nel input voltage and fixed B channel voltage, the output
should rise linearly. For some fixed A channel input voltage
and increasing B channel input voltage, the output voltage
should drop linearly. The output signal should be clipped at
zero since for Qg4 smaller than Qgg no output charge packet
should be captured.
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Tig. 5. Ideal transfer characteristic for the differencer circuit using
layout geometry and measured values for doping concentration
oxide thickness, and output amplifier calibration, assuming Vy,;
set at -4.0 V.
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Fig. 6. Measured transfer characteristic of prototype device.

This ideal performance surface may be compared to the
experimentally measured performance surface shown in Fig.
6. The prototype device performs well despite its large geom-
etry. The device begins to exhibit input saturation behavior
for input charge packets exceeding a 5.0-V input bucket,
which is in quantitative agreement with a saturation level cal-
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Tig. 7. Transfer characteristic for A channel of differencer for multiple
output charge packet regeneration cycles performed at 1-ms intervals.

culated using a precharge voltage of ~20 V on the A electrode.
The output signal voltage (defined as the change in source-
follower output voltage relative to some reset level) appears
to drop below zero for large values of Vyp because a dark
current generated signal, which depends somewhat on the B
electrode charge state, has been already subtracted in Fig. 6.
The linearity is quite good except near the extremes of the
transfer characteristic. This rounding effect is due to charge
transfer inefficiency during the fill and spill process and is
expected to be eliminated in smaller geometry devices.

The linearity of the prototype device in the central part of
the transfer characteristic is better than -40 dB measured
using the technique of Espley [12], over a dynamic range
(defined for a signal to noise ratio of unity) which exceeds
70 dB. The dynamic range measurement was limited by
test station noise whose magnitude was estimated from an
oscilloscope trace. The equal primary electrode areas yields
excellent balance between the A and B channels with an A
channel gain (AVoyt/AVyw4) of 0.89 and a B channel gain
(AVour/AVwg) of 0.86, depending slightly on the bias
conditions. The overall gain of the differencer is 0.82, in
good agreement with the evaluated stray capacitance atten-
uation factor age using the layout of the prototype device.

The device was also tested in a multiple cycle operation
mode, in which the primary electrodes were not recharged be-
tween successive output charge packet regeneration cycles.
Output signal as a function of A channel metering well voltage
is shown in Fig. 7 for 5 regeneration cycles, 1 m s apart. The
change in transfer characteristic with regeneration cycle is
due to the leakage of charge from the primary electrodes
through the reverse biased p-n junctions. Such leakage effects
are diminished at higher operating speeds or shorter regenera-
tion cycle times. The change in transfer characteristic at
Vw4 equal to -8 V is due to the hampering of the fill and
spill cycles caused by the saturation effect discussed above.
This characteristic demonstrates the feasibility of building
a charge packet “copying machine.”
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V. CONCLUSIONS

A quasi-three-dimensionally charge-coupled circuit for per-
forming a charge packet differencing operation has been
analyzed and demonstrated in a prototype circuit. This cir-
cuit shows promise for delivering high accuracy in a compact
low power way. It was developed as part of a research pro-
gram to investigate image preprocessing on or just behind the
focal plane of an image sensor. In such a system, the charge
packet differencer circuit realized in several configurations
would form the core of a very compact simple charge-coupled
computer arranged in an array format for spatially parallel
processing. From this perspective, the results obtained with
the prototype device are encouraging. However, it is antici-
pated that the basic circuit may be useful in other applica-
tions where compaction, accuracy, and simplicity are desired.
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