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speed of such PLA’s would exceed the speed of bipolar PLA’s

commonly on the market, but at the same time have a higher

density and draw much less current.
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On-Chip High-Voltage Generation in
Integrated Circuits Using an Improved

Multiplier Technique

JOHN F. DICKSON

Abstract-An improved
oped for generating +40

voltage multiplier technique has been devel-
V internally in p-channel MNOS integrated

circuits to enrtble them to be operated from standard +5- and : 12-V
supply rails. With this technique, the multiplication efficiency and cur-
rent driving capabtilty are both independent of the number of multi-
plier stages. A mathematical model and simple equivalent circuit have
been developed for the multiplier and the predicted performance agrees
well with measured results.

A multiplier has already been incorporated into a TTL compatible
nonvolatile quad-latch, in which it occupies a chip area of 600 ~m X

240 pm. It is operated with a clock frequency of 1 MHz and can sup-
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MNOS
Voltage

ply a maximum load current of about 10 NA. The output impedance is
3.2 Mfl.

INTRODUCTION

ALTHOUGH MNOS technology is now well established for
fabricating nonvolatile memory circuits, the relatively
high potentials necessary to write or erase information,

typically 30-40 V, are an obvious disadvantage. In many ap-

plications, the need to generate these voltages has prevented
the use of MNOS devices being economically viable, especially
when only a few bits of nonvolatile data are required. To
overcome this problem, a method of on-chip high-voltage gen-
eration using a new voltage multiplier technique has been de-
veloped, enabling MNOS circuits to be operated with standard
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Fig. 1. Basic Cockcroft-Walton voltage multiplier. Usually imple-
mented with discrete components such that C >> C$

supplies and interfaces. The technique has already been dem-

onstrated to be practical in a nonvolatile quad-latch circuit and
is currently being designed as standard in a range of nonvola-
tile memory products.

MULTIPLIER TECHNIQUE

In principle, voltages higher than that of the power supply

can be generated in an integrated circuit using a Cockcroft-
Walton multiplier similar to that shown in Fig. 1. Its opera-
tion is well known and will not be described in detail here,
except to note that since the coupling capacitors are connected
serially, the following comments apply.

1) Efficient multiplication will occur only if the coupling
capacitors, C, are much greater than the stray capacitors, CS.

2) The output impedance increases rapidly with the number
of multiplying stages.

Historically, the Cockcroft-Walton multiplier [1] has been
used to generate voltages greater than. those which could be

easily handled by electromagnetic transformers. This is pos-

sible since the maximum voltage across any of the coupling

capacitors is only equal to the input drive voltage, irrespective
of the number of multiplying stages. In this type of applica-
tion, however, the circuit is implemented with discrete compo-
nents, so that the coupling capacitors can be made sufficiently
large for efficient multiplication and adequate drive capability.

This type of multiplier does not, however, lend itself to inte-
gration in monolithic form since in practice, on-chip capaci-

tors are limited to a few picofarads with relatively high values
of stray capacitance to substrate. A generalized analysis of the

Cockcroft-Walton multiplier taking stray capacitance into ac-
count is extremely complex and will not be given here, but it
is found that in practice it is difficult to generate voltages sig-
nificantly greater than twice the supply voltage, irrespective of
the number of multiplying stages. In fact, if the number of

stages is increased beyond a critical number (typically, 3 or 4),
determined by the ratio of C and C’S, the output voltage ac-
tually decreases due to voltage drops in the diode chain.

In order to overcome these limitations, the voltage multiplier

circuit shown in Fig. 2 was devised. It operates in a similar
manner to the classicrd Cockcroft-Walton multiplier and can
be shown to be an equivalent circuit. However, the nodes of
diode chain are coupled to the inputs via capacitors in parallel

instead of in series, so that the capacitors have to withstand

the full voltages developed along the chain. This is not a prob-
lem here, provided that the integrated circuit process limits are
not exceeded. As will be shown, the advantages of this config-

Fig. 2. Improved voltage multiplier configuration. In monolithic form,
C > C~ > O.lC, typically.
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Fig. 3. Voltage waveforms in N-stage multiplier showing voltage rela-
tionship between successive nodes of the diode chain.

uration are that efficient multiplication can be achieved with
relatively high values of stray capacitance, and that the current
drive capability is independent of the number of multiplier

stages.
The operation of the circuit is illustrated in Fig. 3, in which

the typical voltage waveforms in an IV-stage multiplier are
shown. As can be seen, the two clocks @and T are in anti-
phase with amplitude V@,and are capacitively coupled to al-

ternate nodes along the diode chain. The multiplier operates
in a manner similar to a bucket-brigade delay line, by pumping
packets of charge along the diode chain as the coupling capaci-
tors are successively charged and discharged during each half
of the clock cycle. Unlike the bucket-brigade delay line, how-
ever, the voltages in the diode chain are not reset after each
pumping cycle so that the average node potentials increase

progressively from the input to the output of the diode chain.
This operation is also similar in principle to the well-known
“bootstrap” technique often used in MOS integrated circuits
[2] in that a bootstrap circuit incorporates a voltage doubler.
Here, however, the coupling capacitor is connected to the in-

put clock, unlike bootstrap circuits in which it is connected to

the output. As can be seen in Fig. 3, the difference between

the voltages of the nth and (n + l)th nodes at the end of each

pumping cycle is given by
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vn+l -vn=v; -v~-v~ (1)

where K$ is the voltage swing at each node due to capacitive
coupling from the clock, VD is the forward bias diode voltage,
and VL is the voltage by which the capacitors are charged and
discharged when the multiplier is supplying an output current,
10uT .

For a clock coupling capacitance, C, and stray capacitance
CS, at each node, capacitance division gives

()c— “ v~.u= ~+(ls

Also, since the total charge pumped by each diode per clock

cycle is (C + CS) VL, the current supplied by the multiplier at
a clock frequency, f,is given by

~~~= = f(c+Cs) VL .

Substituting for V$ and VL in (1) we get

v ()c IOU=— “vo - ‘D- (C+ Cs)f
n+l-vn= C+CS

so that for IV stages,

[( ) IOUT
vN-v~N=~ & v@- VD- (C+cs)f 1 (2)

where VIN is the input voltage. In a practical multiplier, an
additional isolating diode is required at the output to prevent
clock breakthrough so that the peak output voltage, VOUT,
is given by

[( )c IOUT
vouT - v~N = N —C+cs ‘v@-‘D- (C+cs)f1

- v~.
Rearranging, we get

vou,=~,N+~[(&)ov,-vD]
NIOUT

- ‘D- (C+cs)f”
(3)

There is also a ripple voltage, VR, at the multiplier output

due to the load resistance, RL, discharging the output ca-
pacitance, Cou=. Usually, C~uT is sufficiently large for VR
to be small compared to VOUT, so that

IOUT . v~u=
E’~=—

fCouT fRL COUT “
(4)

In practical multipliers there will also be an additional

ripple component due to capacitive coupling from the clocks
through the diodes. In the case of nonoverlapping clock
phases, there will be significant breakthrough from only one
phase through the isolating diode. With overlapping clocks,
however, there will also be breakthrough from the other clock
phase occurring when the isolating diode is conducting. The
magnitude of the breakthrough from either phase is given by

vow=h -IOUTRS

Fig. 4. Equivalent circuit of N-stage multiplier.

‘BT=(CO:+CJ ‘i
_ CD-— v; forCOUT>> CD

@JT

where CD is the capacitance across each diode, so that for non-
overlapping clock phases,

IOUTv~=— +2A
fco~T couT

and for overlapping clock phases,

zouT + 2CD v$
VR=— —

fCOuT COUT “

(4a)

(4b)

From (3), it can be seen that voltage multiplication occurs,

provided that

()c IOUT

C+cs “v@- ‘D- (C+cs)f‘0” (5)

It is important to note that this expression is independent of

fV, so that there is, in principle, no limit to the number of
stages in a multiplier of this type. Furthermore, provided that
(5) is satisfied, the current drive capability of the multiplier is

also independent of the number of multiplier stages.
Also from (3), we can write

VOUT = V. - IOUT Rs (6)

where

VO=VIN-VD+N[(&) VOVD] 0’)

and

N
‘S=(c+cs)f “

(8)

L’. and Rs are the open-circuit output voltage and output

series resistance of the multiplier, respectively, so that (6)
leads to an extremely simple equivalent circuit of the multi-
plier output, as shown in Fig. 4.

In deriving this model for the voltage multiplier, it has so far
been assumed that the capacitors are completely charged and
discharged with a diode cutoff voltage, VD. In practice this is
not the case due to the nonlinear voltage-current character-
istics and internal series resistance, RD, of the diodes. This
results in a residual voltage in addition to VD remaining across
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Fig. 5. Practical implementation of multiplier using MOS technology.

the diodes at the end of each cycle, causing the multiplier out-
put series resistance, Rs, to increase in a nonlinear manner
with load current. However, by making RD sufficiently small
such that

RD(C+ C~) f <3 (9)

the increase of Rs due to this effect is less than 5 percent.

PRACTICAL IMPLEMENTATION

A circuit diagram of the multiplier circuit used in the non-

volatile MNOS quad-latch is shown in Fig. 5. Since this is fab-
ricated using p-channel Al-gate MOS technology in which
isolated diodes are not available, the multiplier chain is imple-
mented using diode-connected MOS transistors, as slhown. In
this case, since MOS transistors are used instead of diodes, the
diode forward voltage, VD, is replaced by the MOS threshold

voltage, VT, in (3), giving

~ouT=VIN - VT + iv [(=%)”’”-”1
IVIOUT

(C+qy)f” (lo)

Since, in the circuit shown in Fig. 5, Vm = VDD and V@=
(VDD - l), we get

[1* (VDD - l)-(iV+l)VT‘OUT=l+ l+ C+CS

NIOUT

(c+c&J)f“ (11)

In the circuit shown in Fig. 5, the clocks are generated by
two cascaded MOS inverters driven from an oscillator circuit.
In addition, the output is limited by a chain of MCM transis-
tors in series with field-controlled protection diodes. This was
found to be necessary to prevent the output voltage exceeding
the process limits if the supply voltage, VDD, was accidentally
increased above the specified range. A microphotograph of
the multiplier is shown in Fig. 6, in which it can be seen that
it occupies a chip area of approximately 600 pm X 240 pm
(24 mik X 9.6 Illik).

In the multiplier shown in Fig. 6, there are seven stages with
Vm equal to the supply voltage, VDD. The design values of
the coupling capacitors and stray capacitors at each node are 2
and 0.2 pF, respectively. The coupling capacitors are actually
implemented using the nitride dielectric available in the MNOS
process. The voltage characteristics of the multiplier when

100pm

I I
Oscillator I Multiplier chain I

Clock drivers Output limiter

Fig. 6. Photomicrograph of MOS voltage multiplier. Active area ap-
proximately 600 #m X 240 ~m (24 roils X 9.6 roils).

(5 vdkddiv) o volts
v.. —

. 0 volts

I(10volts/div)

v~”~

Fig. 7. Voltage characteristics of MOS voltage multiplier driving a
10-MQ load.

driving a 10-MQ scope probe are shown in Fig. 7. As can be
seen, there are three regions in the characteristics:

1) an initial re@on before the multiplier is operating;
2) a linear multiplication refjon;
3) a region in which the voltage is limited by the output

protection circuit.

The clock frequency, f,was about 1 MHz, so that the slope

of 5 in the linear multiplication region agrees well with the fig-
ure of 5.5 predicted by (1 1). The multiplier was designed to
operate with VDD varying between 15 and 19 V, over which
range the muh.iplier output, VouT, varies between 48 and
54 V, respectively. In Fig. 8, the rise time of the multiplier is
shown for VDD = 15 V and an output load capacitance of

1 nF. The time constant over the linear multiplication region
of about 3.5 ms agrees well with the 3 .2-MCl output series re-
sistance predicted by (8).

The multiplier was fabricated with a process which gave
MOS transistors with a zero-bias threshold of about 2.0 V and
a body constant of 0.4. The MOS transistors in the multiplier
chain were designed with a gain factor of 8 ~A/V2 so that
the coupling capacitances would be charged to within 1 V of
equilibrium in each pumping cycle. Hence in predicting the
performance of the multiplier, a good approximation will



378

t=o + t (1millisecond /div)

I[10volts/divl
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Fig. 8. Rise time of MOS voltage multiplier driving 1 nF output load
capacitance. Theoretical valu~ of multiplier ou~ut resistance, R5,
is typically 3.2 Ms2.

TABLE I
MULTIPLIER OUTPUT AND RIPPLE VOLTAGESAS A FUNCTION OF LOAD

CURRENT
r

Load Cum-at Output Voltage P - P Ripple Voltage

IOUT (PA) VOUT ( volts) VR (volts)

Predicted I Measured Predicted I Measured

3.9 44.3 39.1 0.29 0.28
39.5 37.5 0.31 0.30

H 35.7 33.3 0.32 0.32
8.2 30.6 27.2 0.34 0.34

be achieved by using a value of 5 V for the threshold voltage
in (1 1). This gives

VOu~ =7.36 (VDD -1 V)- 391’-3.18 X 106 Mfl IouT.

(12)

Since the clock drivers in Fig. 5 produce overlapping clock

phases, the ripple voltage is given by (4b). In this case the cal-

culated value of CD (the gate-source capacitance of the diode–
connected MOS transistors) is O.1 pF, giving

1vR. —
(

IOUT

.)
—+2X10-13X; AS

COuT 106 Hz

i.e.,

1

(

IOUT
v~=— —

)
+2.54X 10-12 As .

CouT 106 Hz
(13)

In Table I, below, a comparison is made between the mea-
sured values of output and ripple voltage for various load cur-
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rents, and those predicted by (12) and (13), respectively. The

supply voltage, VDD, is chosen to be 14 V to ensure that the

multiplier is operating in the linear region of its characteristics,

and the output capacitance, CouT, is approximately 10 pF.

As can be seen, there is a good agreement between the pre-
dicted and measured results.

CONCLUSIONS

The voltage multiplier technique has been demonstrated to
be practical, and measured results agree well with the theo-
retical model. Although developed especially for generating

high supply voltages in MNOS integrated circuits, the tech-

nique is equally applicable for many other applications. In

particular, it may be possible to implement a fully monolithic
de-de up-converter chip using bipolar technology, utilizing the
better frequency performance to operate at much higher cur-
rent levels.
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