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5 Charge Pump Current Source Background of the Invention Field of the
Invention 10 This invention relates to a circuit and a method for generating
a low-level current using semiconductor charge pumping. More
particularly this invention relates to a means of generating a range of
current sources by varying the frequency of a repetitive voltage pulse
input 15 signal. Also, this invention relates to utilizing one or many
MOSFET devices in order to produce higher levels of current. In addition,
this invention relates to the ability to generate very stable current sources
with high input impedances. 20 Description of Related Art 25 The prior art
related to this invention includes various high input impedance low level

current sources. '@ng&gﬁsa;ﬁgtﬁﬁp}émrw@ecustom designed 1

monolithic circuits. T e not Mmodular or are they scalable from the
lowest current level produced by a single device to high current levels

produced by
Background of the Invention

Field of the Invention

This invention relates to a circuit and a method for generating a low-level
current using semiconductor charge pumping.

More particularly this invention relates to a means of generating a range of
current sources by varying the frequency of a repetitive voltage pulse input
signal.

Also, this invention relates to utilizing one or many MOSFET devices in order
to produce higher levels of current.

In addition, this invention relates to the ability to generate very stable current

sources with high input impedances.

Description of Related Art

The prior art related to this invention includes various high input impedance

low level current sources. Typically, these current sources are custom designed
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hundreds of device. 5 U. S. Patent 6,285,243 131 (Mercier et al.) "High
Voltage Charge Pump Circuit" describes a circuit which transfers a
voltage signal in an output stage 10 without signal level degradation.
By-pass technigues are used to avoid semiconductor damage or
breakdown. U. S. Patent 6,326,839 B2 (Proebsting) "Apparatus for
Translating a Voltage" discloses a low voltage current source is used for

o S TP 000 S D IR ..

curHINOURIRBUEET bSO Bl s g RaIRLRY loviciaan.aals o

powering a variablefrequency oscillator. 20 U. S. Patent 0i)

hundhaigsrRildéoltage Generator for Semiconductor Device" discloses an
internal voltage generator for a semiconductor device, for generating an
internal voltage within the device. 2 -------------- U. S. Patent 6,278,315
(Kim) "High Voltage Generating Circuit and Method for Generating a
Signal Maintaining High Voltage and Current Characteristics

U. S. Patent 6,285,243 B1 (Mercier et al.) "High Voltage Charge Pump
Circuit" describes a circuit which transfers a voltage signal in an output stage
without signal level degradation. By-pass techniques are used to avoid

semiconductor damage or breakdown.

U. S. Patent 6,326,839 B2 (Proebsting) "Apparatus for Translating a Voltage"

discloses a low voltage current source is used for translating voltage levels using

- a charge pumping mechanism.

U. S. Patent 6,323,721 B1 (Proebsting) "Substrate Voltage Detector"
discloses low voltage current source circuit, which generates low voltage signals

for powering a variable frequency oscillator.

U. S. Patent 5,561,385 (Choi) "Internal Voltage Generator for Semiconductor
Device" discloses an internal voltage generator for a semiconductor device, for

generating an internal voltage within the device.
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Therewith" discloses a high voltage generating circuit, which is used to
generate a high voltage with a high current. This circuit is used for

on-chip programming 5 and erasing of electrically erasable programmable
read only memory EEPROM or flash memory. 10 15 20 3 Brief
Summary of the Invention It is the objective of this invention to provide a
circuit and a method for 5 generating a low-level current using
G?@‘.‘.‘ﬁ%ﬁ@h&‘%‘?é’fé‘,%%% Y 'H?gﬂ%ﬁ%ﬁ@%&%?%ﬁd Uz ARG RHSRAY for
provide a means of geherating @ range’of curren SGurces y varying fe

Gerl S5y Vb A MSHHUMYRY ARG i&%ﬂbﬂ!@%@@a%&d&féﬁ@é an

object of thiS invention to utilizihg one or many M evices in

TheREWRNIUNAELES AR VBHER UG Erahhd RiRdMIQRidhSHELG 1B aRIRe

of this invention to generate very stable Current sources with high“input

a hifARRMIaGESAitH RenRitesirehthisHRVEIR:APia e a8HEVESL iR programming

frequency-controlled low-level current source based on charge pumping
andaiddind\ef 2IS0EIEaNYesrEEIIE programmable read only memory EEPROM

or flash memory.
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15 semiconductor field effect transistor, MOSFET, a voltage pulse
generator attached to a gate of the MOSFET, a ground connected to a
drain of the MOSFET, a ground connected to a source of the MOSFET,
and an output current produced at a substrate terminal of the MOSFET.
The frequency- controlled current source of this invention has a MOSFET
device whose source 20 region of the MOSFET is made of n+
semiconductor material. The drain.of the MOSFET is made of n+ type ~
semiconductor material. The circuit of this invention has a substrate of the

MOSFET which i mT of p type semj onigrctor aterial. 25 The
frequency-controﬁé'be U%HHFEXE%‘R?&% Wﬂgﬁ%ﬂn 1 wherein a gate
which is made of is made of poly-silicon. The current source has a voltage

"?_ulse 4 applied to the MOSFET gate by the voltage pulse generator. The
f

s4018 oyt eitis MRty IR QPR A RieMeapd donpathadsiarcharge
[ ion in to th t sybstrate which results in negative charge
gengialiR ATHaK A Lot SR B EYaNEE PLAPRS: MOSFET
1 r%nd said, n+ g/la(? FET source. 5 This. negative charge accumulation

Itdlrs Urfller S| |
is‘caused %K} ﬂ?éeﬁ S ?rg?’rpfﬂg'dﬁl 818878 ﬂ%‘ﬁ?ﬂimg a
e P R RS e S B
input signal.

Also, it is further an object of this invention to utilizing one or many MOSFET
devices in order to produce higher levels of current.

In addition, it is further an object of this invention to generate very stable
current sources with high input impedances.

The objects of this invention are achieved by a frequency-controlled low-level
current source based on charge pumping and using a single metal-oxide
semiconductor field effect transistor, MOSFET, a voltage pulse generator
attached to a gate of the MOSFET, a ground connected to a drain of the
MOSFET, a ground connected to a source of the MOSFET, and an output
current produced at a substrate terminal of the MOSFET. The frequency-
controlled current source of this invention has a MOSFET device whose source
region of the MOSFET is made of n+ semiconductor material. The drain of the
MOSFET is made of n+ type semiconductor material. The circuit of this invention
has a substrate of the MOSFET which is made of p type semiconductor material.

The frequency-controlled current source MOSFET has claim 1 wherein a gate

which is made of is made of poly-silicon. The current source has a voltage pulse
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electrons, those that are not trapped in the interface states, will return to
said MOSFET source and drain. The non-mobile trapped or electrons will
recombine 15 with the holes in the p-substrate. The trapped, recombined
electrons results in a net flow of negative charge into the substrate. This
net flow of negative charge is the resultant charge pump current which is
generated by this low-level current 20 source of this invention. 25 30 5

oo R ER B R A TR e
confFEEED AR 15 05 RIS SIS R BB SR

o ty BB AR ARA AR APABRA LI ALE AL AU HIHE R VS

equency of the 15 gate inputtepetitive pulse voltage applie

subSPANIIERSY PEMLBKELSONERIBB PET B raifiA MARhF ME SR F LSk,

source of this invention.
This negative charge accumulation is caused by the flow of electrons from the

MOSFET source and MOSFET drain where some electrons are trapped in
interface states. When the MOSFETgate pulse goes to its low state the mobile
electrons, those that are not trapped in the interface states, will return to said
MOSFET source and drain. The non-mobile trapped or electrons will recombine
with the holes in the p-substrate. The trapped, recombined electrons results in a
net flow of negative charge into the substrate. This net flow of negative charge is
the resultant charge pump current which is generated by this low-level current

source of this invention.




20 FIG. 5 shows the multi-MOSFET device embodiment of this invention.
6 Detailed Description of the Invention 5 Figure 1 shows a cross-sectional
view of the main embodiment of this invention. A metal oxide
semiconductor field effect transistor MOSFET 111 is shown. The gate
160 is made of poly-silicon. The source 180 is connected to ground 145.
The drain 170 is also connected to ground 145. Both the source 115 and
drain 125 are made of n+ semiconductor material. The substrate 190 is 10
made of p-type silicon material. The substrate is connected 135 to a DC
current meter 150, which is used to test the output current 120 produced
by this change Biilef Besgriptioneftheddrawingsted to the input
line 110. A repetitive voltage pulse signal 112 is applied to the input 110.
This pulse signal has a base voltage level 15 Vbase 140 and a voltage
amplitude delta equal to delta VA 130. Charge pumping in MOSFETs is a
well-known phenomenon that is related to the recombination process at
the Si02/Si interface 190 involving the interface states as shown in Fig. 1.
For I&MCHPES aitrogsesestinnativiewstfdhe singlg. MOSRET tevicensistor

is pulsed into inversion, the p-type silicon surfacel90 20 becomes deeply
emtxggﬁy@?@

b ofihe e SmaRoof thisrinMentionce 115 and drain

FIG. 2 shows a plot of charge pump output current vs. the Vbase voltage

of the input voltage pulse applied to the gate of the MOSFET device.

FIG. 3 contains a plot of charge pump output current vs. frequency of the

gate input repetitive pulse voltage applied.

FIG. 4 shows the system level connection of the single MOSFET device

current source of this invention.

FIG. 5 shows the multi-MOSFET device embodiment of this invention.
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125 regions into the channel 190 where some of them will be captured by
the interface states. When the gate pulse 112 is driving the surface back
to accumulation, the mobile charges flow back to the source 115 and
drain 125 but 7 the charges trapped in the interface states will recombine
with the majority carriers (i.e. holes for p-Si substrate) from the substrate
190 and give rise to a net flow of negative charge into the substrate 135.
The charge Qss which will recombine is given by 5 Qss=(g*2) SDP ~
Where (g*2) is the electron charge squared in coulombs squared, S is the
channel area of the MOSFET (cm2), D it is the mean interface state
density over 10 the energy range swept through by the Fermi level and P

is the total swge h rfac tentiale When applying repetitive pulses
to the gate ng#ﬁbgeﬁc?lets?ﬁg ﬁﬁﬁg@fgéfvﬁh‘gﬁﬁ*@é toa
steady-state current in the substrate 135. This current 150 is the so-called
charge pumping current, and it is given by 15 Icp=f Qss =f (q*2) SD P

TG SRR CHREACATA] JEMEAIdE e b AERERUPARCA Ch s
inve&s}hgq?trl?ééﬂs o ng? eogc]e?rrli glns uctor |ee?2f gﬁé&‘i}’ﬁgﬁgﬁﬁ%éfﬁg? 111is
shown. The gate 160 is made of poly-silicon. The source 180 is connected to
ground 145. The drain 170 is also connected to ground 145. Both the source
115 and drain 125 are made of n+ semiconductor material. The substrate 190 is
made of p-type silicon material. The substrate is connected 135 to a DC current
meter 150, which is used to test the output current 120 produced by this change
pumijOSFET.

The gate 160 is connected to the input line 110. A repetitive voltage pulse
signal 112 is applied to the input 110. This pulse signal has a base voltage level
Vbase 140 and a voltage amplitude delta equal to delta VA 130.

Charge pumping in MOSFETSs is a well-known phenomenon that is related to
the recombination process at theASiOZ/Si interface 190 involving the interface
states as shown in Fig. 1. For a MOSFET with the connections shown in Fig.1,
when the transistor is pulsed into inversion, the p-type silicon surface190
becomes deeply depleted and electrons will flow from the source 115 and drain
125 regions into the channel 190 where some of them will be captured by the

interface states. When the gate pulse 112 is driving the surface back to

accumulation, the mobile charges flow back to the source 115 and drain 125 but
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20 the pulses is kept constant but the pulse base level Vbase is varied
from inversion to accumulation, the charge pumping current 210 will vary
with the Vbase 220 is shown in Figure 2. In the saturation region 230 with
8 Vt - dVa < Vbase < Vfb 240, 250, where Vt, dVa and Vfb represent the
threshold voltage, the pulse amplitude, and the flat band voltage,
respectively, the charge pumping current is a constant 230 and is

termi ed b tion 5 Th .curre urce. of this ~

the GAFERS Fane4 5 A8 FiRacE Stk %'ﬁ%ﬁsﬁm St bt
Carr‘gPS£ % ﬁgcr Tf%? é?ﬂbgggg%%%z\fﬂfgqpl Sfoattgq §8a I'gﬁ Ve I S 90 g

curr eren ase wi e sa ura ion region Is n |n

net ! %%% I§§¥n‘f'8ﬂ?é‘98§§%éﬁ§a§§§°s?ﬂ’§%ﬁéﬁ§% 6‘§st&86 W

2 5M igherfrequencies ere was a sli eparture

rec&ﬁﬁmési% B]Qéﬁ "slower" interface states were not able to response
quickly enough).”The charge pumping current can serve as a low-level DC
.current source (for example a DC current 0.1uA). As the charge pumping
current is proportional to the frequency of the input pulses, the output

QSsEqRtZpge pereasily controlled through the frequency. 15 Another

feature of the current source of this invention is that it is insensitive to the
drift of pulse voltage. As can be seen in Fig. 2, the charge pumping
current

Where (q*2) is the electron charge squared in coulombs squared, S is the

channel area of the MOSFET (cm2), D it is the mean interface state density over
the energy range swept through by the Fermi level and P is the total sweep of the
surface potential. When applying repetitive pulses to the gate with frequency, f,
this charge Qss will give rise to a steady-state current in the substrate 135. This

current 150 is the so-célled charge pumping current, and it is given by

lcp=fQss=f(q*2)SDP

where f is the frequency of the repetitive input gate voltage signal.

The charge pumping current cariAbe observed with different pulse shapes
(square, triangle or other pulse shapes). For square pulses, if the amplitude of
the pulses is kept constant but the pulse base level Vbase is varied from
inversion to accumulation, the charge pumping current 210 will vary with the

Vbase 220 is shown in Figure 2. In the saturation region 230 with
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was essentially independent of the Vbase in the saturation region 230. If
the pulse base level is within the saturation region, then the output
current will be insensitive to a small drift of the pulse base level or top
level. It is possible to 20 have a desired saturation region through a proper
selection of the values of the Vt, the Vib and the dVa. The Vt and the Vib
depend on the substrate doping gate materials, the fixed charges in the

Vt- B R SRR oA b G 7B VI SRS ol eRbele
h b
volt ot %aéwﬁ?e%éﬁaﬁ%’ﬁ‘;%%c? ﬁLaﬁ%wEr- L@%%ér%é%%#%ﬁ@ Teotres
X i f |v i
pun i e a2 A S s e dep o 12"

abolpglator, the charge pumping current source will have an extremely high
input resistance. As can be seen in figure 4, for low-level output current

W&hﬁWéﬁFE!ﬁﬁEé*}ﬁflh% tnvéntBr fag H%’Eg}fcate pHad §L?BVQF‘(1§&H“8&%9 to

(FCCP) DC current source 410 can be using a sin

the fragaiiey I9itbatpalsike Pae rilienr) %@%é{gr ARG i BRarge

substrate terminal 420 of the transistor. As is illustrated in figure 5, if

puntpBlEERFERYBEIRAGE JasaROWRRIMOEBENFIAHY AR Qhothah

FCCP can be made up of hundreds of transistors. All of the gate terminals
Fig.@¢€ A good linear frequency dependence was observed up to the frequency

of 2.5MHz (at higher frequencies 340 there was a slight departure because those
"slower" interface states were not able to response quickly enough). The charge
pumping current can serve as a low-level DC current source (for example a DC
currerit 0.1uA). As the charge pumping current is proportional to the frequency of
the input pulses, the output current can be easily controlled through the
frequency.

Another feature of the current source of this invention is that it is insensitive to
the drift of pulse voltage. As can be seen in Fig. 2, the charge pumping current
was essentially independent of the Vbase in the saturation region 230. If the
pulse base level is within the satﬁration region, then the output current will be
insensitive to a small drift of the pulse base level or top level. Itis possible to
have a desired saturation region through a proper selection of the values of the
Vt, the Vfb and the dVa. The Vt and the Vfb depend on the substrate doping,
gate materials, the fixed charges in the gate oxide, as well as the thickness of the

gate oxide, and they can be controlled during the device manufacturing. To
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tied together and connected to a single pulse generator 510. The output
current 520 is the linear sum of the charge-pumping currents contributed
from all of the 15 substrate terminals. 20 The advantage of this invention
is the possibility of creating a range of low- level current sources. The
range goes from a single MOSFET device to an array of MOSFET
devices connected in parallel to create a higher level of current. In 10

mal aﬁ%fdpﬂé’%ﬂtah%%tﬁfepﬁ& R A o S SR G)E! FecHEIaR e

top (g ireq&gg)\éy 0 eﬁﬁtgﬁrtep%@e S E Ome%ﬂﬁlgﬁ ﬁiﬁcﬁggh%%?ﬂﬁﬂ@@g
( 7%?3@&%%%{%% |mportant feature of this invention. 10 While
een pa

this invention ticularly shown and described with Reference

G L e

Skilled in the art that various changes in form a be made
resi¥tHhos! D eRegHte BRakReAPEk-RNE 5908 BF THE BYEYLPButpirtd current
source will have an extremely high input resistance.

As can be seen in figure 4, for low-level output current with current less than
0.1 uA, the frequency-controlled charge-pumping (FCCP) DC current source 410
can be fabricated using a single transistor, with the resistive load 430 connected
in series with the substrate terminal 420 of the transistor. As is illustrated in
figure 5, if higher output current is desired, a two-dimensional array 530, 540 of
FCCP can be made up of hundreds of transistors. All of the gate terminals are
tied together and connected to a single pulse generator 510. The output current
520 is the linear sum of the charge-pumping currents contributed from all of the

substrate terminals.

The advantage of this invention is the possibility of creating a range of low-
level current sources. The range goes from a single MOSFET device to an array

of MOSFET devices connected in parallel to create a higher level of current. In

10
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11 What is claimed is: 1. A frequency-controlled low-level current source
based on charge pumping comprising: 5 a single metal-oxide
semiconductor field effect transistor, MOSFET, a voltage pulse generator
attached to a gate of said MOSFET, a ground connected to a drain of said
MOSFET, 10 said ground connected to a source of said MOSFET, and
an output current produced at a substrate terminal of said 15 MOSFET. 2.

RN G e S
e LIRS AR SRR AR o

. I laj herein sai f
oo LTS ORI SRR S SR A S s
the input pulse signal. The high input resistance of this current source is also an

important feature of this invention.

While this invention has been particularly shown and described with
Reference to the preferred embodiments thereof, it will be understood by those
Skilled in the art that various changes in form and details may be made without

Departing from the spirit and scope of this invention.

11
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5. The frequency-controlled current source of claim 1 wherein said gate of
said MOSFET is made of poly-silicon. 40 12 6. The frequency-controlled
current source of claim 1 wherein a voltage pulse applied to said
MOSFET gate by said voltage pulse generator. 5 7. The
frequency-controlled current source of claim 1 wherein said voltage pulse
applied to said MOSFET gate causes a charge inversion in said p type 10

ubstrate which results in negative charge accumulation in the p-type
Wh%ﬁéﬁ%@e\ﬁ)@med between said n+ MOSFET drain and said n+ MOSFET

source. 15 8. The frequency-controlled current source of claim 1 wherein
said negative charge accumulation is caused by the flow of electrons

f ' nd MOSEET drain where some electrons
T R Sa et o A sorce B R
SBHISEH £laim 1 wherein when said MOSFETgate pulse goes to its low

state the mobile electrons, those that are not trapped in the interface

states, Will 448 FRRAIDMRYRTiSHIR S LAY @fect transistor, MOSFET,
a voltage pulse generator attached to a gate of said MOSFET,
a ground connected to a drain of said MOSFET,
said ground connected to a source of said MOSFET, and

an output current produced at a substrate terminal of said

MOSFET.

2. The frequency-controlled current source of claim 1 wherein said source

region of said MOSFET is made of n+ semiconductor material.

3. The frequency-controlled current source of claim 1 wherein said drain of said

MOSFET is made of n+ type semiconductor material.

4. The frequency-controlled current source of claim 1 wherein said substrate

of said MOSFET is made of p type semiconductor material.

5. The frequency-controlled current source of claim 1 wherein said gate of

said MOSFET is made of poly-silicon.

12
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30 10. The frequency-controlled current source of claim 1 wherein said 35
non-mobile trapped or electrons will recombine with the holes in the
p-substrate. 40 11. The frequency-controlled current source of claim 1
wherein said trapped, recombined electrons results in a net flow of
negative charge into the substrate. 45 13 12. The frequency-controlled
current source of claim 1 wherein said net flow of negative charge is

| by: 5 = (g* D P whe *2) is the el h d

o et e Rdiel i e PR iR,

| ol 18 0 t th h
=P L S e ARt ol 1.

The frequency-controlled current source of claim 1 further comprising: 15
a charge pump current output whose current Icp is given by Icp =f Qss =

7. fI'(rgﬁr)caél,lgr%y—controlIed current source of claim 1 wherein said voltage
pulse applied to said MOSFET gate causes a charge inversion in said p type
substrate which results in negative charge accumulation in the p-type substrate

located between said n+ MOSFET drain and said n+ MOSFET source.
8. The frequency-controlled current source of claim 1 wherein said negative
charge accumulation is caused by the flow of electrons from said MOSFET

source and MOSFET drain where some electrons are trapped in interface states.

9. The frequency-controlled current source of claim 1 wherein when said

MOSFETgate pulse goes to its low state the mobile electrons, those that are not

trapped in the interface states, will return to said MOSFET source and drain.
10. The frequency-controlled current source of claim 1 wherein said
non-mobile trapped or electrons will recombine with the holes in the

p-substrate.

11. The frequency-controlled current source of claim 1 wherein said trapped,

recombined electrons results in a net flow of negative charge into the substrate.

13
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where f is the frequency of the repetitive input gate voltage signal and

where 20 (g*2) is the electron charge squared in coulombs squared, S is
the channel area of the MOSFET (cm2), D it is the mean interface state
density over the energy range swept through by the Fermi level and P is
the total sweep of the surface potential. 25 14. The frequency-controlled
current source of claim 1 wherein when said MOSFET is operated in its

12 e P S e R e R et Bt of
neggﬁ%tghﬁé@qgtﬁ%ﬁ ggltage signal and where (g*2) is the electron charge
| om

square cou s squared, S is the channel area of the MOSFET
(cm2), D it is the mean interface state density over the energy 5 range

stsgv&f;bsl*gqygh by the Fermi level and P is the total sweep of the surface
potential. 15. The frequency-controlled current source of claim 14 wherein
said constant charge pumping current allows said charge pump current
source to be insensitive 10 to drift of said pulse voltage. 16. The

wheli& 04 6y tERNEIBBREIT BH: ispeafinlabnIdpe sheireaIENREET
saturation region is determined by Vt, the MOSFET threshold voltage, Vfb,

chatif@l area of the MOSFET (cm2), D it is the mean interface state density over

the energy range swept through by the Fermi level and P is the total sweep of the

surface potential.

13. The frequency-controlled current source of claim 1 further comprising:

a charge pump current output whose current Icp is given by

lep=fQss=f(q*2) SDP
where f is the frequency of the repetitive input gate voltage signal and where
(9*2) is the electron charge squared in coulombs squared, S is the channel area
of the MOSFET (cm2), D it is the mean interface state density over the energy
range swept through by the Fermi level and P is the total sweep of the surface

potential.
14. The frequency-controlled current source of claim 1 wherein when said

MOSFET is operated in its saturation region; said output charge pumping current

is constant and equal to

14
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MOSFET flatband voltage and dVa, the pulse amplitude, wherein Vt and
Vfb are 15 determined by substrate doping, gate material, fixed charges in
gate oxide and gate oxide thickness. 17. The frequency-controlled current
source of claim 1 wherein it is required that the pulse voltage remains
below the threshold voltage for Fowler-Nordheim 20 tunneling. 18. The
frequency-controlled current source of claim 1 wherein said current

source output cyrrentds\proportiq id frequency of said input pulsé.
15 19. The freqjgﬁcyfc%3$1§rolﬁe{§]caj:r%:ral)tﬁ?ource of claim 1 wherein said

e B e R R S T AR WiRAE
(q°239s thl SAMERSY GRHR!S SRS YA b S PR SCRMIRSISShnS area

two-dimensional array of frequency controlled low-level charge pumping

of tH&INRDSPELT FER25a0MtGE tHUGRda s ARRTiRed sekc QR sy BodPaialand
semiconductor field effect transistor, a voltage pulse generator attached to

rangedsWe st thedii DT ikl F areriPievel GNP Gt ghast Sl aiteebsr tHY Qs

potential.

15. The frequency-controlled current source of claim 14 wherein said constant
charge pumping current allows said charge pump current source to be insensitive

to drift of said pulse voltage.

16. The frequency-controlled current source of claim 14 wherein said MOSFET
saturation region is determined by Vi, the MOSFET threshold voitage, Vib, the
MOSFET flatband voltage and dVa, the pulse amplitude, wherein Vt and Vfb are
determined by substrate doping, gate material, fixed charges in gate oxide and

gate oxide thickness.
17. The frequency-controlled current source of claim 1 wherein it is required that
the pulse voltage remains below the threshold voltage for Fowler-Nordheim

tunneling.

18. The frequency-controlled current source of claim 1 wherein said current

source output current is proportional to said frequency of said input pulse.

15
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a ground connected to a source of said MOSFET, and an output current
produced at a substrate terminal of said 15 MOSFET. 21. The
higher-level current frequency-controlled current source of claim 20
wherein said two-dimensional array of MOSFETSs has all of said MOSFET
gate terminals tied together and connected to a single voltage pulse
generator. 20 22. The higher-level current frequency-controlled current
source of claim 21 16 wherein said two-dimensional array has said
MOSFET substrate output current which is a linear sum of said charge

10, PHERAG AN FNKPUEFPI LS s Al AR DA Glage

P
two-dimensional array. met proaucin

purfBrEFaYsooRtPled myé!ayah%wgr@gﬁ%ﬁg{@ﬂ@%@%&%@%ﬁ%ﬂ@ﬁg L.*Q&Péﬁ% ,

comprising the steps of: includin oxide semiconductor fie

and%ﬁﬁ%yﬁé@ﬁﬁ&vi%g%@%&dlﬁagbgﬂqg&é/g > pulse generator

attached to a gate of said MOSFET, 15 including a ground connected to a
drain of said MOSFET,

20. A frequency-controlled higher-level current source comprising:

a two-dimensional array of frequency-
controlled low-level charge pumping current sources, each of which is comprised
of:

a single metal-oxide semiconductor field effect transistor,

a voltage pulse generator attached to a gate of said MOSFET

a ground connected to a drain of said MOSFET,

a ground connected to a source of said MOSFET, and

an output current produced at a substrate terminal of said

MOSFET.
21.The higher-level current frequency-controlled current source of claim 20
wherein said two-dimensional array of MOSFETS has all of said MOSFET gate

terminals tied together and connected to a single voltage pulse generator.

22. The higher-level current frequency-controlled current source of claim 21

16
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including said ground connected to a source of said MOSFET, and
including an output current produced at a substrate terminal of said 20
MOSFET. 24. The method of producing a frequency-controlled low-level
current source 25 based on charge pumping of claim 23 wherein a
voltage pulse applied to said MOSFET gate by said voltage pulse
generator. 30 25. The method of producing a frequency-controlled

e T
LT T e
sublE8 AL BT MOSRET, G35 e method of producing

- ﬁféH .
requency-control ow-level current source based on charge pumping
of claim 23 wherein said negative charge accumulation is caused by the
flow of electrons from said MOSFET 10 source and MOSFET drain where

23. SRR BISE EP PRolGIFPR S JuHe)iaeRtAbARlow-level current source

based on charge pumping comprising the steps of:

including a single metal-oxide semiconductor field effect transistor,

MOSFET,
including a voltage pulse generator attached to a gate of said
MOSFET,
including a ground connected to a drain of said MOSFET,
including said ground connected to a source of said MOSFET, and
including an output current produced at a substrate terminal of said
MOSFET.

24. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 23 wherein a voltage pulse applied to said

MOSFET gate by said voltage pulse generator.
25. The method of producing a frequency-controlled low-level current source

based on charge pumping of claim 23 wherein said voltage pulse applied to said

MOSFET gate causes a charge inversion in said p type substrate which results in
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15 27. The method of producing a frequency-controlled low-level current
source based on charge pumping of claim 23 wherein when said
MOSFETgate pulse goes to its low state the mobile electrons, those that
are not trapped in the 20 interface states, will return to said MOSFET
source and drain. 25 28. The method of producing a frequency-controlled
low-level current source based on charge pumping of claim 23 wherein

R T
Mo?#ﬁ‘?&?éﬁ”éﬁed‘éé%“dﬁﬁemwgoyc@arge pumping of claim 23

whérein said trapped, recombine ectrons results in a net flow of
negative charge into the substrate. 40 30. The method of producing a
frequency-controlled low-level current source based on charge pumping

26. Tl HBRIGIPRIARSH 20 SQUeRENLIRIA SN RIAA &Y el BURIGRR SYGRSS =
(g*2) S D P 5 where (q*2) is the electron charge squared in coulombs

bas8d¥H@Aary plfping of claim 23 wherein said negative

charge accumulation is caused by the flow of electrons from said MOSFET

source and MOSFET drain where some electrons are trapped in interface states.

27. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 23 wherein when said MOSFETgate pulse
goes to its low state the mobile electrons, those that are not trapped in the

interféce states, will return to said MOSFET source and drain.

28. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 23 wherein said non-mobile trapped or

electrons will recombine with the holes in the p-substrate.
29. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 23 wherein said trapped, recombined

electrons results in a net flow of negative charge into the substrate.

30. The method of producing a frequency-controlled low-level current source

based on charge pumping of claim 23 wherein said net flow of negative charge is
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channel area of the MOSFET (cm2), D it is the mean interface state
density over the energy range swept through by the Fermi level and P is
the total sweep of the surface potential. 10 31. The method of producing
a frequency-controlled low-level current source based on charge pumping
of claim 23 further comprising: 15 a charge pump current output whose
current Icp is given by Icp =fQss =f(q*2) S D P 1 20 where f is the

. freD uency of the repetitive input gate voltage signal and where (g*2) is the
given ) )
electron charge squared in coulombs squared, S is the channel area of

the MOSFET (cm2), D it is the mean interface state density over the

energy rghge_sye h by the Fermi level and P is the total sweep of
the surfagg%potg Bglglziglg% The method of producing a

frequency-controlled low-level current source based on charge pumping
of claim 23 wherein when said MOSFET is operated in its saturation

wheﬁ%@&%)ﬁé@wé"&%ﬁrﬁ@éﬂ&r&éWfﬁ%d%%@ﬂfa%&{ &bl 30
channel area of the MOSFET (cm2), D it is the mean interface state density over
the energy range swept through by the Fermi level and P is the total sweep of the

surface potential.

31. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 23 further comprising:

a charge pump current output whose current Icp is given by

lcp=sts=f(q*2)SD P
where f is the frequency of the repetitive input gate voltage signal and where
(9*2) is the electron charge squared in coulombs squared, S is the channel area
of the MOSFET (cm2), D it is the mean interface state density over the energy
range swept through by the Fermi level and P is the total sweep of the surface

potential.
32. The method of producing a frequency-controlled low-level current source

based on charge pumping of claim 23 wherein when said MOSFET is operated in

its saturation region, said output charge pumping current is constant and equal to
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lcpfQss=f(g*2)SDP where f is the frequency of the repetitive input gate
voltage signal and where (g*2) is the electron charge squared in
coulombs squared, S is the channel area of the MOSFET (cm2), D itis
the mean interface state density over the energy 5 range swept through
by the Fermi level and P is the total sweep of the surface potential. 33.
The method of producing a frequency-controlled low-level current source

based on,char umeli f glaym 32 wherein said constant charge
pumping I B?:Sﬁrlegr?t_éﬁgﬁs%é g‘%arge pump current source to be

BB PSS9 S B BB SR R

(q* 2D RN G QLA 3N R IR R A éé%@ﬁl i@sa@ﬁ%ﬁ%q S é@algg%l area

determined by Vt, the MOSFET threshold voltage, Vb, the

of tHEARERER/P((E9e PRri Y It esSh RIS SIS YLanthy hargy

determined by substrate doping, gate material, fixed charges in gate

range§iRepntheRIgIBIHthd ekt fsvel QiRe PTRANBIHIAAN YR Y EHstirface

frequency-controlled low-level current source based on charge pumping
potedtiglaim 23 wherein it is required that the pulse voltage remain below the
threshold voltage for Fowler-Nordheim tunneling.

33. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 32 wherein said constant charge pumping
current allows said charge pump current source to be insensitive to drift of said

pulse voltage.

34. The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 32 wherein said MOSFET saturation region is
determined by Vt, the MOSFET threshold voltage, Vfb, the MOSFET flatband
voltage and dVa, the pulse amplitude, wherein Vt and Vfb are determined by
substrate doping, gate material, fixed charges in gate oxide and gate oxide

thickness.
35. The method of producing a frequency-controlled low-level current source

based on charge pumping of claim 23 wherein it is required that the pulse voltage

remain below the threshold voltage for Fowler-Nordheim tunneling.
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20 36. The method of producing a frequency-controlled low-level current
source based on charge pumping of claim 23 wherein said current source
output current is proportional to said frequency of said input pulse. 5 37.
The method of producing a frequency-controlled low-level current source
based on charge pumping of claim 23 wherein said charge pump current
source has an extremely high input resistance due to the isolation and

36. l?W %‘%53‘%% %? A% L'J%?nd b |e§é(?‘?l;/l OSFE-[rgl?ta %I\f‘é gegﬁfr%w{e E(I;))Cd rce

pro ucing a hlg er-curr ency-contr

basé@?)‘?\dcﬂgr ] gﬂgg\ﬂ%a(f% W&é??%%o ev eﬁ&%ﬁg'% ut current

two- dlmen |ona requency-contr arge pumping

is p&%ﬁﬂnﬁ%@ﬁd?@h@h&%%@%}ﬁ%}ﬂ g,}ﬁgfof a single metal-oxide

semiconductor field effec tage pulse generator
attached to a gate of said MOSFET a ground connected to a drain of said
MOSFET a ground connected to a source of said MOSFET, and an output

37. THERGIY B prbaliainyRifadRidprYieahbRailow-level current source
based on charge pumping of claim 23 wherein said charge pump current source
has an extremely high input resistance due to the isolation and low leakage

provided by said MOSFET gate oxide.

38. A method of producing a higher-current level frequency-controlled current
source based on charge pumping comprising the steps of:
including a two-dimensional array of

frequency-controlled low level charge pumping current sources, each of which is

. comprised of:

a single metal-oxide semiconductor field effect transistor,

a voltage pulse generator attached to a gate of said MOSFET
a ground connected to a drain of said MOSFET

a ground connected to a source of said MOSFET, and

an output current produced at a substrate terminal of said

MOSFET.

39. The method of producing a higher-current level frequency-controlled current
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MOSFET. 25 39. The method of producing a higher-current level
frequency-controlled current 21 source based on charge pumping of
claim 38 wherein said two-dimensional array of MOSFETSs has all of said
MOSFET gate terminals tied together and connected to a single voltage
pulse generator. 5 40. The method of producing a higher-current level
frequency -controlled current source based on charge pumping of claim

her ins dtwo dimensio Iarra sajd MOSFET substrate , ~
S°“r88t ﬁf% PERE Fﬁ?&nﬂg'ﬁﬁlﬂgﬁr}ﬁ %Wé?gsea' iﬁﬁ%ﬂ'&@m‘é’ﬁ@ array

of M?5’§|‘-rﬁli" %?6 @?’sand%@?—ﬁ‘ gt é?%ﬁmgfs S P

array
to a single voltage pulse generator.

40. The method of producing a higher-current level frequency-controlled current
source based on charge pumping of claim 38 wherein said two-dimensional array
has said MOSFET substrate output current which is a linear sum of said charge
pumping currents contributed from all said substrate terminals of said two-

dimensional array.
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