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ABSTRACT

A reliable and sensitive charge detection
scheme for very small charge packets Is
described, This scheme integrates a bi-
polar pnp device into the output gate of a
CCD using one extra mask and two lon im-
plants. The charge packet flows Into the
base causing a large emitter current flow

in the bipolar device. This emitter current
Flows into the substrate. A simple analysis
of the operation 1s presented. Trade offs
of high g and low current B fall off are
presented, Bipolar devices with g as high
as B00 and base width of ~1500A have been
fabricated. It is shown that good low
current B fall off is more essential than
high 8. Finally various clocking schemes
for this output are discussed.

INTRODUCTION

CCD's have now been established as a
viable technolegy for memory appllications.
The trend towards higher density has resulted
in very small geometry sizes and cor-
respondingly small charge packets which
must be transferred and detected reliably
to meet the desired performance goals, The
rellable detection of extremely small charge
packets over a wide range of temperature
and nolse requires elaborate circuitry to

provide the desived gain {viz regenerator

circuits for 6k bit CCD memories). Charge
detection schemes used with CCD's at present
employ a capacitive voltage change of a
floating node due to the signal charge
packet. For small geometry {CDs (cell
sizes of g 50um2) the charge packet size

is decreased (55 x 10712 coulombs) with a
corresponding decrease of the output vol-
tage swing. In this paper we describe a
CCD output structure which utilizes a
bipolar current amplification to achieve
reliable detection of very small charge
packets. The bipolar device Is integrated
at the end of the CCD channel. This struc-
ture is realized by adding one mask and

two extra fon implantation steps at the

end of the CCD process to fabricate a p+
injector (emitter} and a non-depleted
n-base region under it, at the output end
of the €CD, The combination forms a
vertical PHP structure with the substrate

serving as the collector. The emitter




is blased through a depletion load, and Its
voltage is sensed through a source follower,
The schematic diagram of this structure is
shown in Figure 1.

When a charge packet flows into the
base region of the PNP transistor, [t turns
on and draws emitter current which is 8
times the base current equivalent of the
signal charge. This current gain allows a
much larger drive capability., When the
charge packet is annihilated by recombina-
tion in the base, the PNP transistor
switches off and Iis automatically reset
for the next charge packet. Contrary to
floating node schemes, there Is no pre-
charging necessary and no clock feedthrough
at the output when no charge packets are
sensed in this mode of operation of the
bipolar output detector. Thils feature is
expected to result in reduced fixed pattern
noise,

The capabiiity of integrating bipolar
buffer devices on the same chip as MOS/CCDs
provides the current drive capability that
allows this technology to compete with
bipolar technologies for VLS| logic, memory
and signal processing applicatlons.

BIPOLAR QUTPUT CONCEPT AND DESIGN CONS IDERA-

TIONS.

Figure 1 shows the cross-section of a

4-12

CCP channel which incorporates a bipolar
charge detection element at the output.

This detection element Is shown for a buried
channel CCD structure. 1t can in principle
be used with both surface and buried channel
CCD's. The two phase coplanar electrode
[1,2} CCD shown in Figure ! is represen-
tative of the CCD structure which was used
to demonstrate the concept. The concept is
by no means limited to this CCD structure
ahd may be used with other two, three or
four phase versions as well.

The bipoiar element is fabricated at
the end of the CCD process by opening a
window in the polysilicon output gate elec-
trode. The n-type base reglon implant is
performed through the same opening. In
principle, the lateral straggle of the im-
ptants [3] should be adeguate to ensure that
no emitter collector shorts occur at the
edge of the window. To guarantee this,
however, a low temperature heat step
{< 200°C) may be used to flow the resist
into the window to provide additional mar-
gin,

The detection scheme presented here is
designed to operate at very low current
levels. The effective base current into
this device may be computed from the dyna-

mics of a charge packet being transfered




Into the base region through the output gate.

It has been shown, [4] that the charge
transfer in a CCD is approximately exponen=

tial and electrode has a time constant Te

which may be described by
2
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where
D = electron diffusivity
u = electron mobility
L = length of the gate electrode
Ey= lateral fringing field

C,= a parameter that varies from 1
to 2 as the normalized fringing
field varfes from 0 to «,
The charge QB(t) flowing into the base
is represented as
(1=, (2)

QB(t) = Qkoei

In this expression QO is the charge capacity
per unit area and Awell is the area of the
CCD storage well,

The base current in the bipolar device

will then be given by
- dQB(t) % -t/ (3)

B dt =henT °©

This exponentially decaying pulse of i, is

B
fed Into the bipolar device which is normally
off.

The transient response due to this cur-

rent may be estimated from the charge con-

trol analysis of the bipolar transistor.

The charge packet will supply the base re-
combination, and charge the emitter and col~-
jector junction capacitance as well as the
output gate capacitance connected to the
base. The differential equation describing
this process may be written as

Q o
& (QpHrar)) 438+ d e, - -1g ()
B

where
QB = base minority charge
QTe, QTc = junction transition capaci-
tance
Cg = output gate capacitance

v, = base emitter voltage

be
Following the standard charge control
treatment [5] equation (4) may be written

for our configuration as

i =(_l-+]_+.(_:.'::.R_L aic+i_c (5)
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where w_= == for the output gate and w_ =
g Cg T
Zﬂfr where fT is the short-circuit current

gain bandwidth product. The collector re-

sistance Is assumed to be zero, and CLRL

represents the emitter load,
We may now solve (5} and {3} to obtain

the emitter current as
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where k = (\}T + \‘._,+ L Ly, (6)
T B

It is obvious from {6) that the emitter

current provides a factor of 8 Increase In




the charge available to drive the next stage.
Alternatively, the load capacitance ls now re-
flected to the base node as %—}imes what it

would be in a simple precharge clrcuit. Base
widths of‘~1500R, as fabricated in our struc-

ture, would lead to an w, of much greater than

T
1GHZ, So, in typical layouts, the total

effective node capacitance of this output
device is dominated by the enlarged cutput

gate needed to enclose the base structure.

Hence frequency response of this output

structure would be {imited by the output gate.

In Figure 2(a) we show a theoretical
evaluation of the emitter current waveform
based on (6) for a charge packet size of
~1.6 fc. The assumed parameter values are
shown in the figure. The simple theory pre-
sented here is compared also to a numerical
simulation using SPICE circult simulator and
typical MOS parameters (Figure 2b)., For the
SPICE simulation we have used a simplified
current pulse as the input and plotted the
emi tter voltage as the output. The emitter
voltage follows the emitter current predic=
tion of Figure 2(a) based on the charge con-
trotled model. It has been assumed in this
calcutation that minimum geometry output gate
node can be built. In practice the cutput
gate capacitance is larger since it surrounds

the bipolar, This will limit the turn off
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characteristics of the bipolar device.

This application of the bipolar trans-
istor as the output of the CCD shift register
requires that the g fatl off at low currents
be minimized. 1t has been very well known
that the low current B fall off is dominated
primarily by lnjection efficiency considera-
tions, The generation component of current
in the emltter base depletion region and the
surface recombination component play a very
important role in the determination of the
low current fall off characteristics of the
bipolar transistor. The Incorporation of a
bipolar device in a CCD process has some
very significant advantages. CCD's are
built on (100} silicon to obtain low surface
state density. Gettering sequences designed
inte the process allow very high bulk life-
times to be achleved in processed devices

(6,71

recombination velocity of ¢ lcm/sec have

Bulk lifetimes of ~Imsec and surface
been measured in our devices. |In addition
Hansell and Fonstad [8] have shown that the
# linearity at low currents is affected
most significantly by decreasing emitter
doping to take advantage of the increased
mobility. They show that 8 at very low
currents is obtained at the expense of

the absolute 8 value.

We have fabricated bipolar structures



with a 8 of ~800 as well as those with
~100~150, The variations in 8 were achieved
by varying the base implant dose. The typi-
cal implant distribution calculated for bi-
polar devices with 8 #100-150 is shown in
Figure 3. The estimated fT of this pnp
transistor from theoretical consideration Is
> 1GHZ. However, frequency response of the
bipolar device by itself cannot be measured
since it si integrated with a FET device at
the base. The B vs. le characteristics of
these devices is shown in Figure 4. For a
typical charge packet size of thlO_IS coul .
and a gate length of akum the effective base
current pulse is about 26pA., Thus for § ~
100 the typical operating region is at ic
w26pA. It is obvious from Figure &4 that our
design for B ~100 has adequate low current g
linearity,.

OPERATION AS CCD QUTPUT AMPLIFIER.

The bipolar device concept and design
discussed in the previous section may be
operated In three distinct modes at the
output of a CCD shift register. In the
simplest mode the bipolar device ls operated
with a fixed emitter bias obtained through
the depletion device which acts as an
emitter lead. In this mode, the charge

packet turns on the bipolar as was described

in the previous sectlon, and a large current

gain isobtained, However there is no
voltage gain avallable because the emitter
voltage follows the base voltage. The
effective charge to voltage ratio, of
course, depends on the ratio of the net out -
put node capacitance to the capacitance of a
storage well, The use of the bipolar device
provides an impedance transformation so that
the load capacitance on the emitter node is
reflected as a Btimes smaller capacitance at
the base., Thus for a glven load an effective
increase In the net voltage swing may be
obtained for a given charge packet size.
This increase is partly offset, however,

by the increased capacitance components due
to base emitter capacitance of the bipolar
device. The operation in this mode has the
advantage of very low coupling of clocks

and precharge pulses compared to a normal
precharged output. A large current drive
capability is obtained but the voltage

swing is not significantly Increased, Ve
have found an effective current gain at the
output of ~ B in CCD operation in this mode,
Flgure 5 shows the output of a CCD reglster
and the input pulse, The input and output
occur simultaneously by choosing the number
of bits between Input pulses to be equal

to the length of the register,




The second mode of operation uses a
dynamic emitter biasing or precharging of
the emitter node before the charge packet
flows into the base. In this mode the
emitter is floating when the charge flows
into the base and the transient emitter
current proportional to (g + I)IB, produces
a transient emltter voltage spike which may
be much larger than Avbe. Thus a large
transient voltage swing is available on the
base which may be used as a latching signal.
We have measured ~H#00mV signals on hx!O_ls
coulomb of charge using this clocking scheme
compared to 55mV output swing using the dc
scheme.

The bipolar output may be operated In
a nop-destructive mode also. To achieve
this, the device is built énto one of the
electrodes of the shift register. The charge
packet flows into the base and remains
there for the clock periud. During this
time the bipolar is turned on. The next
phase clocks the charge out of the base
into the next storage location. Thus the
signal charge may be propagated after the
read operation using the bipolar device.
The signal charge used to provide the output
signal corresponds to the fraction of the
charge packet which recombines in the base

during the read cycle. Since all base

charge does not have to recombine, this
mode of clocking may provide an extremely
high speed output.

The bipolar cutput scheme described
in this paper has an added advantage for
memory applications. The change in base
voltage Avhe is proportional to the charge
packet, and the collector current is pro-
portional to exp (ga Vbe/kT). Thus for the
second clocking scheme where the emitter is
floating, the transient spike Is exponen-
tlally proportional to the charge packet,
so that a '0' and '1' can be very easily
differentiated.

SUMARY

A bipolar charge detection concept has
been presented., It is shown that the con-
cept may be implemented in a CCD process
at the cost of one mask and two ion im-
plants, Design considerations for this con
cept are presented. CCD shift registers
have been fabricated to demonstrate the
concept. It 1s observed that output vol-
age signals ~x8 greater than the conven-
tional precharge techniques may be
obtained,

The integration of the bipolar output
provides the capability of driving large
loads with a small charge packet, This

buffer capability may ailso be utilized for




high off-chip drive capability, which
coupled with the advantages nM0S/CCD, pro-
vides a very high performance technology

for legic, memory and signal processing.
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Figure | The structure and concept of the hipolar output for CCDs., The
top figure shows the crossection of the output and the bottom
shows the operation of this output scheme.

1 Copn T

Yime {nsec)

Figure 2{(a) The emitter current response of the bipolar for a charge packet.
The charge packet size {Q_A o1~ L &fc) and the maximum emitter
current is | 2.3uA. MiStatculations are based on =100
and ks09nsec.
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Figure 2(b} SPICE simulation of the bipolar output. The response to a
current pulse Ig is shown., This simulation is more optimistic
than the charge control theory because default parameters for
the bipolar are used.
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forming the pap bipolar. The collector distribution is non-
uniform becuase of the channel implants required to avoid short
channel effects and punch through,
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Figure b Input and output of a CCD shift reglster with a bipolar output,.
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