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5 Charge Punp Current Source Background of the
Invention Field of the Invention 10 This invention
relates to a circuit and a nethod for generating a

| ow1 evel current using sem conductor charge punping.
More particularly this invention relates to a neans of
generating a range of current sources by varying the
frequency of a repetitive voltage pul se input 15
signal. Also, this invention relates to utilizing one
or many MOSFET devices in order to produce higher

| evel s of current. In addition, this invention rel ates
to the ability to generate very stable current

sources wWith Ig i *ppﬁﬂq scription of
Rel ated Art ZESEL?; 'ég%m?i art rgﬁgts‘?a%a?%@fhi s invention
i ncl udes various high input inpedance |ow | evel

current sources. Typically, these current sources are
cust om desi gneBalckgnoaind lofdthe lmeeéntionThey are not
nodul ar or are they scalable fromthe | owest current

| evel produced by a single device to high current

Field?dfthe IRVEAHSRY bY

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 Bl
(Mercier et al.) "H gh Voltage Charge Punp GCrcuit”
describes a circuit which transfers a voltage signal
in an output stage 10 without signal |evel
degradati on. By-pass techniques are used to avoid
sem conduct or damage or breakdown. U. S. Patent
6, 326, 839 B2 (Proebsting) "Apparatus for Translating a
moalithia@iréuitsdi Fledyomrench madularalrtang ¢heusaatatile froar the lowest
used for translating voltage |levels using 15 a charge
curRHIEVEDpITRIGEAN by A sityle Jevicatie higHiedreht TedelFProduced by
(Pr oebstl ng) "Substrate Vol tage Detector di scl oses
hur{dq;gﬂé/@ﬂdéa% current source circuit, which generates
 ow voltage signals for powering a variable frequency
oscillator. 20 U S. Patent 5,561,385 (Choi) "Internal
Vol t age Generator for Sem conductor Device" discloses
an internal voltage generator for a sem conductor
device, for generating an internal voltage within the
device. 2 U S. Patent 6,278,315 (Kim "H gh Vol tage
Generat i ng Ci rcuit and Method for Generating a Signal
Mai nt ai ni n Vol t age and Current Characteri stl CS
Thes. é%at@w gﬂ%@és(i\%erﬁiegﬁt Jlol Thgh Vglags &hargg Pump
circuit, V\,hl ch is used to generate
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.



10

15

20

a high voltage with a high current. This circuit is -
used for on-chip programm ng 5 and erasi ng of

el ectrically erasable programable read only nenory
EEPROM or flash nenory. 10 15 20 3 Brief Summary of
the Invention It is the objective of this invention to
provide a circuit and a nethod for 5 generating a

| ow | evel current using sem conductor charge punping.

¢ Si Patant 612918,34% (i ligbfValtags GenaratingGircat andWedleodifor
means of generating a range of current sources by

Genenating @ SigealfMaigtedminy High Yoltagpebnd CverevbChagrigristise

i nput signal. Also, it is further an object of this

ThéraWant dieBiokes uthlédn VolRge Yt epdtingediculYQehish is QQecﬁ%Vgér%‘iate
in order to produce higher |levels of current. In

a h@m}dztbge withta h@hfde.%hﬁrm@ ceihie e udd bebﬁ-c’h V&%brémmh%

genera e very St ab current sources wth gh I nput

o PR 0 PSSR B
h d I tal - d
o QUAGgRBRE L0, ATEI 0P im0 2 ol e retal o

vol t age pul se generat or
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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 term nal of the MOSFET. The frequency-
controlled current source of this invention has a
MOSFET devi ce whose source 20 region of the MOSFET is
made of n+ sem conductor material. The drain of the
MOSFET is made of n+ type sem conductor material. The
circuit of this invention has a substrate of the
MOSFET whi ch i spAefiSufiméry ¥P@elnTbRGHFUCt or materi al .
25 The frequency-controll éd current source MOSFET has
claiml wherein a gate which is nade of is nmade of

- Sl . : : e : se 4
RS oo ot IR LRERETHo, BRYIR B Cur o TG ter
e eratf)r. Th frequeﬂﬁé- controlled current. source's
oerpLpid favislsy Sh e LSl serdiCaRdN R SNAIGS BHBRITD t o t he
type substrate which results in negative charge
E&Mﬁéﬁﬂ &ﬁ?lqoﬁ of fis inveginn tOsQIB%’f’?é’t’%eﬁfdfcﬁft RNFalingk2n
said n+ MOSFET drain and said n+ MOSFET source. 5 This
ran@@éﬁﬂﬂi@nww Bicvannodhe diearsneaefseensjitivgwoltaospuse
el ectrons fromthe MOSFET source and MOSFET drain
inpuhsigaisone el ectrons are trapped in interface states.
When t he MOSFETgate pul se goes to its |ow state the
Ao, ltés futiee baobjezn sf thidinsentidrato wiliging @netdranpedMOSFET

the interface states, will return to said
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 pulsé 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 nt+ semiconductor material. The drain of fhe
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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MOSFET source and drain. The non-nobile trapped or
electrons will reconbine 15 with the holes in the

p- substrate. The trapped, reconbined el ectrons results
in a net flow of negative charge into the substrate.
This net flow of negative charge is the resultant
charge punp current which is generated by this

| ow1 evel current 20 source of this invention. 25 30 5

appBed e tHeeBIOSHET gateddy theeroRagevpulge denkl«tor. 1Tisdraguency-

cross-sectional view of the single MOSFET device

contrahed coait Purdd e gstervoiabe pAlYeC@LREs BinaIrgdRBEIGIn tdGhe
FIG 2 shows a plot of charge punp output current vs.

P PSS ESPAR WL RSB B e PR BNGT R ERRLOES
e BB OB IS0 o3 RIS Bl
i e e SRR AL R B A S e
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.




FI'G 5 shows the nulti-MOSFET device enbodi nent of
this invention. 6 Detailed Description of the
Invention 5 Figure 1 shows a cross-sectional view of
the main enbodi nent of this invention. A netal oxide
sem conductor field effect transistor MOSFET 111 is
shown. The gate 160 is nade of poly-silicon. The
source 180 is connected to ground 145. The drain 170
is al so connected to ground 145. Both the source 115
and drain 125 are nmade of n+ sem conductor material.
The substrate @geRs Dgsgg ﬁgq%fqﬁemrw,meg@ [icon
material. The substrate is connected 5to a DC
current meter 150, which is used to test the output
current 120 produced by this change punp MOSFET. The
gate 160 is connected to the input line 110. A
repetitive vol tage pulse signal 112 is applied to the

1 This puls nal S a bas e.level
1553 8haus StptieSaionateu Al e a8 Iine EldRicR o
delta VA 130. Charge punping in MOSFETs is a
empadimant giibenaresteaseah s inveptiolit ed to  t he
reconbi nati on process at the SiQ2/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 surfacel90 20 becones deeply depl eted

angrigl 2eho@s s pibt éf dhia émrﬂPwohﬁmt@guémevsllﬁa ¥bBesdlvaitdye
125 regions into the channel 190 where sone of them

of thelihpRS oA pligd aBplidd® 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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interface states. Wien the gate pulse 112 is driving
the surface back to accunul ation, the nobile charges
flow back to the source 115 and drain 125 but 7 the
charges trapped in the interface states will reconbine
with the majority carriers (i.e. holes for p-S
substrate) fromthe substrate 190 and give rise to a
net flow of negative charge into the substrate 135.
The charge Qs which will reconbine is given by 5 (ss
= (g*2) S DP Were (g*2) is the electron charge
squared in coul onbs squared, S is the channel area of
the MOSFET (cnR), D it is the nean interface state
density over rough by the
Ferm | evel E’g %?sﬁ%q%%é'g g‘v\e;l\ep%% IBF surface
potential. When applying repetitive pulses to the gate

with frequency, f, this charge s will give rise to
t ead tate current in, the substrat 35. This
Fisky ﬁ@ﬁf%a%m?ﬁée%or@éwa%oféﬁ%%nﬁ ’@Lﬂl}rt'@ﬁt

and it is given by 15 lcp eR/'
invepiie A mefakgdde $%'al9@ﬁ€90t8f ¢ fi elﬁ@ﬁe@b@nws Ql QﬁﬁﬁT dhtis
vol tage signal. The charge punping current can be
shaywseThedats 160 igimade ehpolpsilicens Ahpssurgestiitiiseonnected to
triangle or other pul se shapes). For square pulses, if
grouhé 1a8p|TiHeudiainof 728 didrecqnriestsd fosgrisepd 148N Bolinthelusurce

the pul se base | evel Vbase is varied from
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
pump MOSFET.

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 deita VA 130.

Charge pumping in MOSFETs is a well-known phenomenon that is related to
the recombination process at the Si0O2/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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i nversion to accumul ation, the charge punping current
210 will vary with the Vbase 220 is shown in Figure
2. In the saturation region 230 with 8 \t - dva <
Vbase < Vib 240, 250, where Vt, dVa and Vfb represent
the threshold voltage, the pul se anplitude, and the
flat band vol tage, respectively, the charge punping
current is a constant 230 and is deternmined by the Icp
the eharjaisdrapp2)! in dixointerfdve Hiates will extonstini ohthahe hrisijerity

invention has its output current 310 proportional to

cartiér@ (f.& ey p380subptte)Prons 8fe subiatd OGRS ¥iIvEHEe to a
dependence of the charge punping current at different

net\efiowené@iaﬁvé Bharde is@ltHE /LibRatk O Qﬁl'HeSci%tFQ@'@sE%ﬁégghvgl

A good |1 near frequency dependence was” observe
fr cy of 2.5WHz (at higher frequencies 340

'ecéﬁﬁﬁgﬁaé@%% i ght departure because those 10

"slower" interface states were not able to response

qui ckly enough). The charge punping current can serve

as a |Low|evel DC current source (for exanple a DC

CE@FT@hE)% uA). As the charge punping current is
proportional to the frequency of the input pul ses,
the out put current can be easily controlled through
the frequency. 15 Another feature of the current

Wheoritq?'@) sfthe isiectiomobatgeosguased racoulombs signgieds Stistiee t o

the drift of pulse voltage. As can be seen in Fig. 2,
chdrinel afear getheUPISFE TelenHND it ivdise ars@nhicaaby state density over

i ndependent of the Vbase in the saturation region 230.
theldnekd\erange 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-called charge pumping current, and it is given by

lcp=fQss=f(g*2)SDP

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

The charge pumping current can be 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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pul se base level is within the saturation region, then
the output current will be insensitive to a snal
drift of the pulse base level or top level. It is
possi ble to 20 have a desired saturation region
t hrough a proper selection of the values of the Wi,
the Vfb and the dva. The Mt and the Vfb depend on the
substrate doping, gate materials, the fixed charges

Vt 41 dV4 he/tgabe: Uibi @0, 260, wildre 8%, AW ahd MK rspseseart thdehreshold
gate oxide, and they can be controlled during the

voIt@?é' e JuRARBNEE NEhd the it lﬂiﬁhﬂtvéltél?él re%.@ay ih@V&Jarge

interface state, the pul se base Tevel as wel

pur{iﬁﬁg dufRnl 8%4Plo t 228 PRl |Q‘Ue§é}ﬁmﬁl%{ ?%r I@g%ﬁk&ﬁ%‘? ggor

e Fow er - Nor dher m tunnel 1 ng
te oxide). The current source circuit of this
I'nvention has an extrenely high input 5 resistance,
at e, oxi de cell ent isol tor
Eﬁﬁﬁﬂﬁamﬁﬂ%%# iy fge %tpa Fant e R,romrgﬂna* to
i_nput resistance. As can be seen_in f| gure 4, for
the ELPEGK P23 i PUsaRr dRe iaauRNeB3R deperianceipihe oharge
uA, the frequency-controlled charge-punpi ng (FCCP) DC
purBDiNgEkIresbak GHerenbV hase within the saiuation ueging inskowyire
transistor, with the resistive |oad 430 connected 10
Figi 8. skgoed Iimﬂaarrfr&chensw dependanceevad olderd@upto tHesfrequency
transistor. As is illustrated in figure 5, if higher

of 8MbA (at bighenfredserdiss 340ithefe el -a08ligangéparalre detalse those
530, 540 of FCCP can be nade up of hundreds of

"sldweN FiteiF AeSstatslwéth rtd‘ﬂ@b@atbeets&ﬁrmenﬁl|§<|@éﬁoudﬂ)e¢he charge

t oget her and connected to a single pul se generator
pupftg cliRnPHAR YerEWs £1w-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 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 saturation region, then the output current will be
insensitive to a small drift of the pulse base level or top level. ltis possiblé to
have a desired saturation region through a proper selection of the values of the
Vi, 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




520 is the linear sum of the charge-punping currents
contributed fromall of the 15 substrate term nals.
20 The advantage of this invention is the possibility
of creating a range of |low |evel current sources. The
range goes froma single MOSFET device to an array of
MOSFET devi ces connected in parallel to create a
hi gher | evel of current. In 10 addition, the stability
maioitaih ecotwstant fdveb olintefasktdtate ethpanlisd basealcivalt AOREl B8 the
the drift of the input pulse voltage is an inportant
top3sheriRg Be belbvrHd thirddhol PRSHAR for %V%Wlégﬁok%émunnelmg
ability to control the output current by varying t

(ﬂﬂcﬁ%@(‘i‘%hf&kfgai{@xub@?m pul se signal. The hi gh |nput

resi stance o I's current SOUTCE is also an

TH@%&@H{SC&J‘?@& lrrc?u;f)éf tH[% |ﬁv FHIY) %[h ex’h%r%ggl Sgﬁlﬁélét

i nvention |cu shomn an
erence t the erre nts thereof
s residnt, PEUE Gleenid b alae SOl P SRR g curent
t hat _vari ous changwﬁvln formand details nay be nmade
f

soufre Wil lraverihaxirem QJM”PHET% ?MG€.and scope of this

invention. 15 What is claimed is: 20 )
As can be seen in figure 4, for low-level output current with current less than

0.1 uA, the frequency-controlied charge-pumping (FCCP) DC current source 410
can be fabricated using a single.transistor, with the resistive load 430 connected |
10 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

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
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11 5 10 1. A frequency-controlled | owlevel current
source based on charge punping conprising: a single
nmet al - oxi de semi conductor field effect transistor,
MOSFET, a voltage pul se 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 out put current produced at a substrate term na

addifiors ahel sthbiliWOSRREE cuB@nsoufbe withagssstt to oardtions!ie the drift of
current source of claim1 wherein said source region

theqﬁpmqmsel\mag@ i$ Bn IAPErtaht dHvahRigeC INGUakioh, ARStRES al .

3. The frequency-controlled current source of claim

ad\ﬂan‘{‘&fé RitRe 8BiIid/ tgrc%hﬂoffhegtglt&\tl\%%ﬁ?b& YaRFthRtrdlieh¥P Bt

sem conductor ‘materi a
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.

What is claimed is:

I




The frequency-controlled current source of claiml
wherein said substrate of said MOSFET is nade of p
type sem conductor nmaterial. 5. The
frequency-controlled current source of claim1 wherein
said gate of said MOSFET is nmade of poly-silicon. 12
6. The frequency-controlled current source of claiml
wherein a voltage pul se applied to said MOSFET gate by
said voltage pul se generataor. 5 10 15 20 7. The
frequency-controlled current source of claim1 wherein
said voltage pulse applied to said MOSFET gate causes
a charge inversion in said p type substrate which
r -

T o o T RO P P
%%ﬁ%ﬁ&h FET source. 8. The frequency-controll ed
current source of claim1 wherein said negative
charge accunul atjon is caused by the flow of .e]ect
Fr o sa HioHigler BatelByiE s uBlor B 1gRY o aherlor URETET,
el ectrons ﬂre trﬁgged i n interfafe states. 25 9. The
f r equency YRGS Y s HeRcratas sitacher 12 grtedtaaid MQwide bi n
when said MOSFETgate pul se goes to its |ow state the
nobi | e ed SRAUEITONNeRleddo BriainefealtbMOSFET,

a 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 nt+ 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-controtled 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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40

45

trapped in the interface states, will return to said
MOSFET source and drain. 30 10. The
frequency-control |l ed current source of claim1 wherein
said 35 non-nobile trapped or electrons wll
reconbine with the holes in the p-substrate. 40 45 11
The frequency-controlled current source of claiml
wherein said trapped, recombined electrons results in
6. alhefrequenwyaibnivelied cwreerdisauge ofrtaint hevherdis anaitage palse
12. The frequency-controlled current source of claiml
apphied te saidMOSRET gdte by w2ifid nelgald pmesshangatdrs gi ven by:
5 s = (g*2) S DP where (g*2) is the electron charge
squared in coul onbs squared, S is the channel area of
the MOSFET (cnR), Dit is the mean interface state

7. dﬁ{ésfré ev\e(:?rcg?]ﬂgofg) ot t%uF@&?@ﬁﬁ?(gp@%ﬂ%g@uwtagge

Ferm ISt e tot

pul?e? Egﬁl éoatjo se‘]d?' N%q': Lg n%lrjc?egjl%n%s %O%rgé hﬁ/%rs%ﬁ frh%:apd %%’6

subsirate whic% regﬁﬂs lﬂhn%%gtl\?éj E;r'iaerBte accBmuFatlgn I ﬂle g—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-controlied 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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lcp =f s =f (g*2) SDP wiere f is the frequency
of the repetitive input gate voltage signal and where
20 (g*2) is the electron charge squared in coul onbs
squared, S is the channel area of the MOSFET (cnR), D
it is the mean interface state density over the energy
range swept through by the Ferm level and P is the
total sweep of the surface potential 25 14. The

12.f The trequgropointallled cuorent snircs oficiaén dfwiedrainnsald whefl@i of
when said MOSFET is operated in its saturation

nedatigé ehargeds givemtiput charge punping current is
constant and equal to 14 lcp =f s =f (g*2) SDP
where f is the frequency of the repetitive input gate

stohag%g;gngnal and where (Qg*2) is the electron charge

d in coulonbs squared, S is the channel area of

the MOSFET (cnR), D it is the nean interface state
density over the energy 5 range swept through by t he
Ferm.

d.P.js the t f th
Wh%r&(sr@ 8115 9BEan ook duniRr BamLSTRS sl e @ it ce
| 14 d h
cheggef aite it WSS B (GRah G5 Bl Toenn BHTasHER dsiy over
insensitive 10 to drift of said pulse voltage. 16.
theriergy Bqgerfwept Snevan by the bipmaidevel angdtisdhe dotal swaep of the

wherei n said MOSFET
surface potential.

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

a charge pump current output whose current Icp is given by

lcp=fQss=f(q*2)SDP
where f is the frequency of the repetitive input gate voltage signal and 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.

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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saturation region is determned by Vt, the MOSFET
threshol d vol tage, Vfb, the MOSFET flatband voltage
and dVa, the pul se anplitude, wherein Vt and Vfb are
15 determ ned by substrate doping, gate naterial,
fixed charges in gate oxide and gate oxide thickness.
17. The frequency-controlled current source of claim1l
wherein it is required that the pul se voltage remains
bel ow t he t higshdlbsvof (RSP Fow er - Nor dhei m 20
tunneling. 18. The frequency-controlled current source

whéfe G ﬂié‘i‘réqd@iﬁ?/@f ThSRIptifvE POt gRBYOREgE dighdl asdivherd
is proportional to said frequency of said’i nput pulse.

(q*%ﬁs e el-g\%ﬁ'oﬁ rcﬁglLb%@t%faQ%Q %%di&qbg géﬂﬁ'%, 8 ‘?éjfl'féecl‘%fnﬂglsarea

aiml erein’sald c punp current source

[ 5| S | C ue to the
of g AFEBIET LY 717 PRneaERisplBReSatt folsdy P VRepanoray
ate oxi,de. 20. A frequyency- trolled higher-|evel '
rangle, st ettt PR S5 e A OLhe yare
saj.d single device MOSFET frequency- controlled charge
po “%i ng current sources. 10 21. The higher-1evel
current frequency-controlled current source of claim
20 wherein said two-di nensional array of MOSFETs has
all of said MOSFET gate termnals tied together and
15.dberfesuedcy-ooniraledgiierenb svarge gbaladre igenkeeratrosaid 28nstahe
hi gher-1 evel current frequency-controlled current
chazgepampiig clireérafdws 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 voltage, Vb, 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

funneling.

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

source output current is proportional to said frequency of said input pulse.
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15 wherein said two-di nmensional array has said MOSFET
substrate output current which is a |linear sum of
said charge punping currents contributed fromall said
substrate term nals of said two-di nensional array. 23.
A net hod of producing a frequency-controlled | owlevel
current source 20 based on charge punpi ng conprising
the steps of: including a single netal-oxide

sem conductor field effect transistor, MOSFET, 25

i ncluding a voltage pul se generator attached to a gate

19. dfhesfaéglichGy \obirElled Suriéht BoutdeCofughing dheraiReid charge
connected to a drain of said MOSFET, including a

pungp BURENICRIRES h&Slah @xteTRIY K8h Hipuk A SstNREE Ble t& M) isolation
i ncludi ng an out put curreéent produced at a substrate

and BW LA gPprovidied iFOSPET [k fB§God of producing a
%/-control e oW

requenc evel” current source based
on charge punping of claim 23 wherein a voltage pul se
applied to said MOSFET gate by said voltage pul se

20.gﬁr}reéq%lte%y@ontroﬂed higher-level current source comprising:
a two-dimensional array of said single device MOSFET frequency-

controlled charge pumping current sources.

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.

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

23. A method of producing a frequency-controlied low-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

16
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20 25_ The nmethod of producing a frequency-controlled

| ow-1 evel current source based on charge punpi ng of

clai m 23 wherein said voltage pul se applied to said

MOSFET gate causes a charge inversion in said p type

substrate which results in negative charge

accunul ation in the p-type substrate | ocated between

sai d n+ 25 MOSFET drain and said n+ MOSFET source. 26.
MOBRETet hod of producing a frequency-controll ed

| ow-| evel current source 30 based on charge punping

of cl ai Maddwaer §oing abAnS@edtd YIr&iRdT a8idAAOSRATAL i on
is caused by the flow of electrons from said MOSFET

sour ce_ agluMaSRFollhdicBnHEGEE 1 ATBUREESCRIPIREIET, and

trapped in inferface states. 35 27. The net

n
pr oduci - I r :
Sour ce A0 BB RGHLARRA Brodtilial'a St SiraGelitLof saic
MQ%éi,iai d MOSFETgate pul se 17 goes to its |low state
bile el ectrons, those that are not trapped in
the 5 10 interface states, wll return to said MOSFET
source and drain. 28. The nethod of producing a
frequency-controlled | owlevel current source based
24 o hewagthed gf ppidvgingra treaiencycapkieted lovslavel elrentsporre
trapped or electrons will reconbine with the holes in
bagdteompchargstpumping 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 torsaid
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.

26. The method of producing a frequency-controlled low-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

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

.27. The method of producing a frequency-controlled low-leve! current source

based on charge pumping of claim 23 wherein when said MOSFETgate pulse

17
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15 29. The nethod of producing a frequency-controlled
| ow-1 evel current source based on charge punpi ng of
clai m 23 wherein said trapped, reconbi ned electrons
results in a net flow of negative charge into the
substrate. 20 30. The nethod of producing a
frequency-controlled | owlevel current source 25 based
on charge punping of claim23 wherein said net flow of

god3agalsilng sedtatigemobile @lacaBnbythoS® tHE Srenbiiahped iRtR
where (g*2) is the electron charge squared in coul onbs

mte?%%é%@éies Suill $etbiffio SH@MBSFET QBuRk 4edMISFET (cn2), D

he mean interface state density over the
energy range swept through by the Ferm Ilevel and P is
the total sweep of the 35 surface potential. 31. The

26. 363 Req Bl sﬂaaasfé%a@ AR e B
h
b SILOTA5S NS S8 FaTBYSS Shi - tebTe tpbbed 8
D P where f is the frequency of the repetitive input

clegigens WiireeePBEgHt tharwpiemiarte pegpbsirates the el ectron
charge squared in coul onbs squared, S is the channel

area of the MOSFET (cnR), Dit is the nean interface
state density over the energy
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

given by:

Qss=(q*2)SDP
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.

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

based on charge pumping of claim 23 further comprising:
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range swept through by the Fernmi level and P is the
total sweep of the surface 10 potential. 32. The

nmet hod of producing a frequency-controlled | owlevel
current source based on charge punping of claim 23
wherei n when said MOSFET is operated in 15 its
saturation region, said output charge punping current
-1s constant and equal to lcp =f Qs =f (g*2) SDP
where f is the frequency of the repetitive input gate
vol t age s¢iggd Ipamﬁ) orese ougﬁh’f dhoké chiffen€lcg e BN Bhar ge
squared in coul onbs square S is the channel area 20
of the MOSFET (cnR), D it is the nmean interface state

densi ty |Qyen e nge swept through by the
Ferm Ie el fd% ?{}:Eégﬁeﬁt@ot al sweep of the surface

t
whBB s e dbneyof ”SE’%%%@N yBLPgHE Btad sigratons whgie.
har 1n13 erein sa t ant
Cy &ﬁ? SHBH RBAE et SatfoEs S0 drelng i Heidiapne! area
rent source to be |nsenS|t|ve to drift of said
of tba M%SEETt(a@@ 34 is theampar Hiarage plabudensily oyer the energy
frequency-controlled | owlevel current source 5 based
ranga swiest Jwopampy Hip bermallevehasd RusdheitetabswepMiiShesurface

saturation region is determned by Vi, the MOSFET
potehtimshol d vol tage, Vfb, the MOSFET fl at band

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

lcp=fQss=f(q*2)SDP
where f is the frequency of the repetitive input gate voltage signal and 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

25

potential.

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

based on charge pumping of claim 32 wherein said constant charge pumping
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vol tage and dVa, the pul se anplitude, wherein WVt and
Vfb are determ ned by substrate doping, gate
material, fixed charges in gate oxide and gate oxide
10 thickness. 35. The nethod of producing a
frequency-controlled | ow1|evel current source based
on charge punping of claim23 wherein it is required
that the pul se voltage renmain below the threshold

-curiedt bigles §8iH dhardecpuliecdheh3duba e b8 thsehsitids to AR of said

met hod of producing a frequency-controlled | owlevel

pulsedIffe. SOuUr ce based on charge punping of claim23
wherel'n said current source output current is
proportional to said frequency of said input pulse. 20
37. The nethod of producing a frequency-controlled
ce based o

I | ,curr nt.sou arge pu i ng_of
34.. 7B RPN bing ) r%wax-cauﬁsp%iﬁwé'%f'e ”Fe@égowz?s
extrenel i st.anc
based AngHss B aﬁpvr%mﬂ B3t WBsrain o o K eattrayiemcegion s
gat e oxi de. 38. A nethod of producin
detfirged by Vs bRMOSTBT hraselhvg/Bssni/ ol MRS B fetband
sour ce based on charge punping conprising the steps
voltaie andai\(ad ity palse wonpdituren sihenein \drandyVfofare ditersiimeyl ey
devi ce MOSFET
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.

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.

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 low leakage

provided by said MOSFET gate oxide.
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frequency-control |l ed charge punpi ng current sources.
39. The nethod of producing a higher-current |evel
frequency-controlled current 10 source- based on
charge punping of claim 38 wherein said

t wo- di nensi onal array of MOSFETs has all of said
MOSFET gate terminals tied together and connected to
a single voltage pul se generator. 15 20 25 40. The

38. matrheithodfof pratlictrigng highler-gheentdevel drdqueawpontrolied current
frequency-controlled current source based on charge

soUPCHTRASEH Oh chayePudSping ebRIpFsHitHe bipsdifmensi onal array
has sai d MOSF Tmsubs??atepou?]gut c’fjgrbrsent which is a

l'i near g4@hg $AIWS-GRRNSBnaPATR Bﬂséﬁﬁ“sfn%!ktng vsic% If\/IOSF T

contributed ffromall salid substrate ter sai

fredUA cPLBRESHA A arBE b@Mpirtg-current sources.

39. The method of producing a higher-current level frequency-controlied current
source- based on charge pumping of claim 38 wherein said two-dimensional array
of MOSFETs has all of said MOSFET gate terminals tied together and connected

to a single voltage pulse generator.

40. The method of producing a higher-current level frequency-controlled current
source based on chargé pumping of claim 38 wheréin 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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