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Note: At the present time experiments are being performed on
nonuniformly spaced arrays which will form the basis of a future

paper.
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Electrical Characteristics of 500-Bit
Al-Al;O;-Al CCD Shift Registers

D. R. COLLINS, W. C. RHINES, J. B. BARTON, S. R.
SHORTES, R. W. BRODERSEN, anp A. F. TASCH, JR.

Abstract—Double-level metallization (Al-Al,Oy-Al) 64-b and
500-b linear, n-channel, surface-channel charge-coupled device
(CCD) shift registers (with 929 um? (1.44 mil®) area per bit) show
charge transfer efficiencies of 99.98 percent at 1-MHz data rates.
Results indicate advantages for the Al-Al,O;—-Al metallization sys-
tem in ease of fabrication, reliability, clocking, charge carrying capa-
bility, and high-speed operation of large arrays.
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Fig. 1. Photomicrograph of the input of a 500 X1, four-phase,
anodized aluminum double-level CCD shift register.

Fig. 2. Photomicrograph of the 500 X1 and 64 X#, four-phase,
anodized aluminum CCD shift registers in chip form,

Fabrication and operation of 8-b anodized aluminum p-channel
shift registers have previously been described [1}-[4]. These devices
operated with approximately 99.9-percent charge transfer efficiency
(CTE) at 2 MHz with a bit size of 2.6 X10* um? (40 mil?). This letter
describes the extension of this technology to the fabrication and
operation of both 64X1 and 500X 1 linear shift registers. These
devices again used the same four-phase Al-Al:.O;—Al double-level
metallurgy; in addition, the devices were fabricated using a self-
aligning n-channel technology [5]. This fabrication technique allows
higher frequency operation as a result of the increased mobility of
electrons, and also decreases the possibility of metal opens by reduc-
ing the thick-to-thin oxide transition. The devices were fabricated on

(100) p-type (boron) 40 @-cm silicon. The gate oxide was 1200 A -

thick. The electrode length was 7.6 um (0.3 mil), and the channel
width was 30.5 zm (1.2 mils) for a bit size of 929 um? (1.44 mil?).
The input of a 500X 1-b shift register is shown in Fig. 1. The
input diode, the input gate, and approximately 5 b of the shift register
are shown. The white electrodes are the input gate and clock elec-
trode phases two and four. The chip itself contains both the 500X 1
and the 64 X1 four-phase anodized aluminum shift registers along

283

Fig. 3. Four-phase clocking methods. (a) Normal clocking method.

(b) Double clocking method.

with other charge-coupled device (CCD) structures. The long length
of the 500X 1 shift register, 1.53 X104 ym (602 mils), required that
the photomasks be composed using four reticles. A photomicrograph
of the chip is shown in Fig. 2. Only approximately one-third of the
chip length appears within the photomicrograph (one-fourth of the
chip length extends from cross mark to cross mark).

CTE'’s of 99.98 percent at data rates ranging from 100 kHz to
5 MHz have been achieved on these surface channel devices with nar-
row channel widths of 30 um (1.2 mils). The measurements were
taken with 15-V clocks and ~15-percent fat zero; the waveforms of
the clocks were adjusted to obtain the maximum transfer efficiency.
The charge transfer efficiency of surface channel devices is known to
depend on channel width [6]. Charge transfer efficiency achieved on
these Al-Al:O;—-Al devices is essentially equivalent to the best charge
transfer efficiency obtained from three-phase surface-channel single-
level metallization devices of similar geometry and fabrication
schedule. Moreover, these devices are not affected by ambient con-
ditions and are very stable, as opposed to the single-level metalliza-
tion devices without a “resistive sea,” which are extremely difficult
to passivate.

In general, these double-level Al-Al:0;-Al devices require lower
clock voltages and are less sensitive, with respect to clock waveforms,
than single-level metallization devices of similar geometry. Since the
electrodes on both metallization levels are coplanar with respect to
the silicon substrate, and of equal area, novel clocking waveforms
may be used to enhance the charge transfer efficiency. Fig. 3 shows
both the normal four-phase clocking and a new double clocking tech-
nique [7]. In the double clocking method of Fig. 3(b), the clock
phases are on for twice the normal duration and it is, therefore, pos-
sible to shift twice the normal amount of charge down the register.
The generation of the clocking pulses in the double clocking tech-
nique allows a considerable decrease in drive circuitry complexity
because ¢, and ¢s, along with ¢ and ¢, are mirror images of each
other. Hence both ¢; and ¢: can be generated from a single differential
driver; the same situation is true for ¢s and ¢4. In addition, a decrease
of 50 percent in the charge transfer loss is observed when the double
clocking technique is used instead of the normal method. Although
a decrease in loss due to surface states is predicted for the double
clocking technique with surface channel devices, the experimental
effect is stronger than expected from preliminary calculations and is
currently under investigation. The charge transfer efficiency results
described above for the Al~Al;05-Al devices were obtained using the
double clocking technique.

The Al-Al:0;—Al system thus provides a simple and quick method
for forming a high-conductivity double-level metallization system
for large CCD arrays with good CTE at high frequencies. The Al,O,
insulation is also thin enough (700 to 3000 A) to suppress the chan-
nel potential wells in a buried channel structure. The Al-AL.O;—-Al
technique is therefore an attractive alternative to the “resistive sea”
approach to buried channel electrode construction. Imaging with an
Al-Al;O5-Al CCD will require backside illumination of the CCD
because the aluminum structure is opaque. While thinning imposes
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additional fabricational difficulties, the backside illumination of an
imager would optimize the sensitivity.
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Efficiency Limitation by Transverse
Instability in Si IMPATT Diodes

B. B. VAN IPEREN

Abstract—Measurements of large-signal impedance, ac voltage
and dc voltage V, versus dc current /o on Si p-n-n* iMpPATT diodes in
pulse operation (80 ns) suggest that the efficiency of Si IMPATT diodes
is limited by instability effects causing a splitup into regions with
different current densities. The effect is explained by considering
the IV, curves at constant ac voltage. These can be S-shaped ow-
ing to impact ionization in the drift region.

The efficiency obtained with Si IMPATT diodes as microwave gen-
erators is in general much lower than that predicted by theory for an
optimal design. This is particularly true for Si Read diodes {1}, [3]
and Si p-n-n* diodes [4]-[8]. In addition, for pulse operation the
difference between theory and experiment is considerably larger than
for CW operation. In this letter, we wish to discuss a possible reason
for this discrepancy. All theoretical results so far published relate to
uniformly operating junctions and do not take into account the
possibility that quantities may vary over the junction area. How-
ever, solutions found in this way can only occur if they are spatially
stable. We have found experimental as well as theoretical indications
that transverse instability effects can limit the ac voltage on the
diode. From this point of view, the IV, characteristic (I, and V, dc
current and voltage) of the oscillating diode are of utmost impor-
tance.

Some measurement results for large-signal negative resistance
R4, ac voltage Vi, and IV, characteristics (at constant Ry) on'a
commercially available X-band Si p-n-n* diode (breakdown voltage
79 V, capacitance 0.23 pF, CW efficiency 7 percent) are presented in
Figs. 1 and 2. For easier interpretation of the results, these measure-
ments were performed in pulse operation (80-ns pulses), which limits
the increase of the junction temperature to about 5°C. The measuring
method used is the same as described earlier [9], [10]. The measure-
ment results reveal the following.

1) There exists at about 20 V (peak value) a pronounced ac volt-
age saturation which is virtually independent of R4. This saturation
effect, which for. R4=3.9 Q occurs at currents as low as I; =30 mA,
cannot be explained by a one-dimensional theory. We observe that
this saturation voltage is sufficiently high to generate sharp conduc-
tion current pulses in the avalanche region (Jmax/Imin=3X10°%).

2) As I, increases, the slope of the I;-V, characteristics first be-
comes vertical or even negative and, on reaching the ac saturation
voltage, shows a knee (except for very low Ry, where spurious oscilla-
tions start).

3) (Not shown in the figures.) At the same values of I, the output
power curves show a knee and start decreasing beyond this point.

Manuscript received April 24, 1973; revised August 7, 1973.
The author is with Philips Research Laboratories, Eindhoven, The Netherlands.
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Fig. 1. AC voltage V1 on an oscillating Si p-n-n* IMPATT diode at 10 GHz as a

function of the dc current /s for some values of the negative diode resistance Ry,
as measured in pulse operation (pulse length 80 ns).

Vg‘ Vbreakdown V)

Fig. 2. Io-Ve curves (Is and Vs dc current and voltage) of the oscillating IMPATT
diode for the same values of the diode negative resistance Ry as in Fig. 1. The
dashed parts of the curves indicate the presence of spurious oscillations. The
numbers in circles refer to the values of Ry; the other numbers along the curves
are the relevant values of the ac voltage V1 on the diode.

These results strongly suggest that some kind of instability oc-
curs at the ac voltage saturation point.

To study these instability effects, we consider the I~V, char-
acteristics of the diode at constant V; (further indicated as the
Vi=C curves). Since the dc and ac voltages do not vary over the
junction area, an instability may be expected if for some value of V;
the V;=C curve is S-shaped and contains a part with a negative
slope. Since, in general, a point where the slope is negative does not
represent a stable situation, the diode may split up into regions
carrying different stable states with different current densities. To
investigate whether such Vi=C curves actually occur we will con-
sider a Read structure. The ac vcltage is assumed to be sufficiently
high to produce a sharply pulsed conduction current. We neglect the
influence of the nonlinear field dependence of the ionization coeffi-
cient on the dc voltage since this effect is small compared with other
effects to be discussed. In the absence of “leakage currents” (currents
not generated by ionization in the avalanche region), the influence of
the ac voltage on the Vi = C curves is then due to the space charge of
the conduction current pulses in the drift region. This causes a field






