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HIGH VOLTAGE MULTIPLIER FOR A MICROPHONE AND METHOD OF
MANUFACTURE

CROSS REFERENCE TO RELATED APPLICATION

[0001] This patent claims benefit under 35 U.S.C. §119 (e) to United States Provisional
Application No. 61/529,612 entitled “High Voltage Multiplier For A Microphone And Method
Of Manufacture” filed August 31, 2011, the content of which is incorporated herein by reference

in its entirety.

TECHNICAL FIELD

[0002] This application relates to microphones and voltage multipliers that are associated

with these microphones.

BACKGROUND OF THE INVENTION

[0003] Various types of microphone systems have been used in various applications
through the years. Microphones in these systems typically receive acoustic energy and convert
this acoustic energy into an clectrical voltage. This voltage can be further processed by other
applications or for other purposes. For example, in a hearing aid system the microphone may
receive acoustic energy, and convert the acoustic energy to an electrical voltage. The voltage
may be amplified or otherwise processed by an amplifier, or by other signal processing
electronics circuitry, and then presented by a receiver as acoustic energy to a user or wearer of
the hearing aid. To take another specific example, microphone systems in cellular phones
typically receive sound energy, convert this energy into a voltage, and then this voltage can be
further processed for use by other applications. Microphones are used in other applications and

in other devices as well.

[0004] One type of microphone that is known and used is a condenser microphone. The
condenser microphone operates as a variable capacitor whose value is modulated by the pressure

of an incoming sound wave. Viewed as a capacitor having two plates, one of the capacitor plates
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is static, while the other one is mobile (i.e., the diaphragm of the microphone). The sound wave

changes the distance between the plates and thereby the capacitance C of the capacitor.

[0005] A microclectromechanical system (MEMS) microphone is a variant of the
condenser microphone and is formed by using silicon micro-fabrication techniques. Compared to
the conventional condenser microphone, it has several advantages such as a reduced size, a lower
temperature coefficient, and a higher immunity to mechanical shocks. In addition, the MEMS
microphone takes advantage of a lithography process which is very suitable for mass production

of devices.

[00006] One of the most common methods to obtain useful electrical signals from such
microphones is to maintain a constant charge Q on the capacitor C. The voltage across the
capacitor will change inversely proportionally to the incoming sound wave pressure according to

the equation V=0/C, consequently dV=-VdC/C.

[0007] Unfortunately, the sensitivity (indicated by dV) depends upon the voltage V and it
is difficult to obtain a high voltage V in a standard low voltage CMOS process. This has led to
cither microphones with inadequate sensitivitics for many applications or microphones with high

prices. As aresult, there has been dissatisfaction with previous approaches.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the disclosure, reference should be made to

the following detailed description and accompanying drawings wherein:

[0009] FIG. 1 comprises a block diagram of a microphone system according to various

embodiments of the present invention;

[0010] FIG. 2 comprises a circuit diagram of a voltage multiplier (or charge pump)

according to various embodiments of the present invention;

[0011] FIG. 3 comprises a cross sectional side view of a CMOS substrate showing a

double well configuration according to various embodiments of the present invention;
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[0012] FIG. 4 comprises a circuit diagram of a voltage multiplier (or charge pump)

according to various embodiments of the present invention;

[0013] FIG. 5 comprises a cross sectional side view of a CMOS substrate showing a

triple well configuration according to various embodiments of the present invention;

[0014] FIG. 6 comprises a circuit diagram of a two stage gate boosted charge pump

according to various embodiment;

[0015] FIG. 7 comprises a timing diagram of the clock signals applied to the circuit of

FIG. 6 according to various embodiments of the present invention;

[0016] FIG. 8 comprises a circuit diagram of another example of a charge pump

according to various embodiments of the present invention.

[0017] Skilled artisans will appreciate that elements in the figures are illustrated for
simplicity and clarity. It will further be appreciated that certain actions and/or steps may be
described or depicted in a particular order of occurrence while those skilled in the art will
understand that such specificity with respect to sequence is not actually required. It will also be
understood that the terms and expressions used herein have the ordinary meaning as is accorded
to such terms and expressions with respect to their corresponding respective arcas of inquiry and

study except where specific meanings have otherwise been set forth herein.

DETAILED DESCRIPTION

[0018] Microphones and other acoustic devices with sufficiently high sensitivities for use
in acoustic applications are provided. The approaches described herein not only provide devices
with sufficiently high sensitivities, but these devices are also lower in cost (compared to previous
approaches). Additionally, these devices have excellent clectrical characteristics such as a low

temperature cocfficient and power efficiency. Approaches for manufacturing these microphones

are also provided.

[0019] In some aspects, the maximum output voltage of a capacitive voltage multiplier

(i.e., a charge pump) constructed according to standard CMOS device layouts is significantly
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increased. This is accomplished using a circuit that includes PMOS transistors constructed on a
substrate having PWELL/NWELL regions and/or a circuit that includes NMOS and PMOS
transistors constructed on a substrate having PWELL/NWELL/Deep NWELL regions. Substrate
doping blocking is performed and realized around the NWELL regions (and/or the Deep
NWELL regions) by selectively physically separating at least some of these regions from the
adjacent PWELL regions by a distance L.

[0020] Using these approaches, the maximum output voltage of the charge pump is
increased significantly. For example, the voltage can be increased from 10V to 20 V. The
output voltage limitations present in previous charge pump circuits implemented in a double well
standard CMOS process (where the critical (limiting) breakdown voltage between NWELL and
the substrate is limited by the breakdown voltage of the sidewall component of the NWELL to
PWELL/substrate junction) are overcome. Similarly, output voltage limitations present in
previous charge pump circuits implemented in a triple well standard CMOS process (where the
critical (limiting) breakdown voltage between NWELL and the substrate and between the
NWELL/Deep NWELL and the substrate is also limited by the breakdown voltage of the
sidewall component of the NWELL to PWELL/substrate junction) are overcome. Thus, the need

for an additional process and/or circuitry to create high voltages is eliminated.

[0021] In many of these embodiments a microphone circuit includes a condenser
microphone and a charge pump. The condenser microphone is configured to receive sound
energy and responsively convert the sound energy into a microphone output voltage. The charge
pump is coupled to the microphone and is configured to supply a bias voltage to the microphone
allowing the microphone to operate. The charge pump includes a substrate, a first PWELL
region that is formed in the substrate, an NWELL region that is formed in the substrate, and a
second PWELL region that is formed in the substrate. The first and the second PWELL regions
are separated from the NWELL region by a predetermined distance that is effective to create a

doping blocking around the NWELL region and that maximizes the output voltage of the charge
pump.

[0022] In some aspects, the first PWELL region and the second PWELL region are
lightly doped with acceptor atoms and the NWELL region is lightly doped with donor atoms. In

other aspects, an amplifier is coupled to the condenser microphone. In still other aspects, a deep

4
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NWELL region is disposed in the substrate. In some examples, the deep NWELL region is
disposed adjacent to the NWELL region. In yet other aspects, the substrate is very lightly doped
and completely surrounds the NWELL region. (The PWELL region is with heavier doping than
the substrate.)

[0023] In others of these embodiments, a microphone circuit includes a condenser
microphone and a charge pump. The condenser microphone is configured to receive sound
energy and responsively convert the sound energy into a microphone output voltage. The charge
pump is implemented in a standard low voltage CMOS process. It is coupled to the microphone
and is configured to supply a bias voltage to the microphone allowing the microphone to operate.
The charge pump includes a circuit topology that includes an NWELL region and a substrate.

By using a proper circuit topology, whose maximum output voltage is limited by the breakdown
voltage between the NWELL region and the substrate, and by blocking the formation of a
PWELL region around the NWELL region at a predetermined distance so that the NWELL
region is surrounded by a very lightly doped substrate from all sides, the maximum output

voltage of the charge pump is increased significantly.

[0024] Referring now to FIG. 1, one example of a microphone circuit 100 constructed
according to the present approaches is described. The circuit 100 includes a microphone 102, a
charge pump 104, a resistor 106, and a buffer 108. The microphone produces a change in
voltage dV = -VdC/C where V is the voltage at the output of the pump 104, and C is the
capacitance of the microphone 102. The charge pump 104 provides a sufficiently high voltage V

across the microphone according to the approach described herein.

[0025] The resistor 106 has a high value so that it forms a low pass RC filter for the bias
voltage, while it has a high pass characteristic for the variable voltage across the microphone.
The high DC voltage (e.g., 11.5 V) needed across the microphone is provided by the voltage
pump 104. The output filter of the charge pump 104 is not shown in FIG. 1 for simplicity.

Vhias is set to ground in order to have maximum DC voltage across the microphone. The buffer
108 in this example is a unity gain buffer. For proper operation, the unity gain buffer has a high
input resistance and a very low input capacitance. The output may be connected to the next stage

(e.g., an amplifier).
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[0026] In order to reduce the size, the cost, and the power consumption of the
microphone electronics, it may be integrated on to a single chip. A CMOS construction process
can be chosen for the purpose because of its low cost and the availability of transistors with very
high input impedance. Furthermore, this process is particularly advantageous for a system that is

implemented as a mixed-signal (analog/digital) chip with a relatively large digital core.

[0027] The charge pump 104 is the only high voltage building block in the system 100
that requires the corresponding process described herein for its implementation. In order to lower
the cost even further, it is advantageous to be able to implement the charge pump 104 in a
standard low voltage CMOS process using only devices readily available in commercially

available design kits.

[0028] Referring now to FIG. 2, one example of a voltage pump circuit 200 (e.g., the
voltage pump 104 of FIG. 1) is described. The circuit of FIG. 2 is a two-stage Dickson-type
charge pump that omits the degradation due to the body effect (i.c., it is a voltage tripler). By
“body effect,” it is meant a change in the threshold voltage of a MOS transistor as a result of a
change in its source-bulk voltage. In one aspect, if the source is connected (shorted) to the bulk
there is no “body effect”. The circuit of FIG. 2 can be extended to an N stage charge pump

where N is any integer.

[0029] The circuit 200 includes capacitors 202 (C1), 204 (C2) and 212 (COUT). The
circuit 200 also includes transistors 206 (M1), 208 (M2), 210 (M3), 214 (M4), 216 (M5), 218
(M6), 220 (M7), 222 (M8) 224 (M9). The transistors M1-M9 are PMOS transistors.

[0030] Initially, the capacitors 202 (C1), 204 (C2), and 212 (Cout) are not charged.

5

& — T IE \g_ =_— “2
Therefore, the voltages across all of them are zero and ¥z =8 ¥ Yrg=Vs

. Tt will be
appreciated that the voltages used herein use subscripts that refer to various points or elements in
the circuits (e.g., Vax is the clock voltage, Vg4 is the supply voltage, Vgsmi refers to the drain to

source voltage of transistor M1, and so forth).

[0031] ¥ad s applied to the designated input node in FIG. 2. The diode connected
transistor 206 (M1) is on and the capacitor 202 (C1) is being charged to a voltage
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Vog = Vel — Famgee | where Vefmage is the voltage drop across the transistor 206 (M1). Normally,

Ved o Velaygy so that ¥ra™ ¥dd | The diode connected transistor 208 (M2) is off.

[0032] The clock signal changes its value Vo = Vdlas Vg =8V 1y voltage of node
201 is ¥e = Voo % ¥y ~ ZFGH | The transistor 208 (M2) turns on. Transistor 206 (M1) turns

off at the same time. The capacitor 204 (C2) is being charged to a voltage

Vg = Voo + Vo — V&e3pe . Again, normally Ve + Vo % Fassrs | o that at steady state

Frg~Frg + Fopvaliidd |
3 00 Fm = Vield
[0033] The clock signal changes its value Vome = @V ; Ve =Var 1pe process

W o=T%. A& T
described above repeats. At the same time the voltage of node 211 is i=tout Yo The

diode connected transistor 210 (M3) turns on. The capacitor 212 (Cout) is being charged to a

=

voltage Veomur = Yoz ¥ Vo — V&8s Again, normally Vs ¥ ¥gm ® V88ws | oo that at steady
state Ve Vo + Ve~ 3% ded. The output voltage out = Feaued is approximately 3 times the
input one &¢a} Thus, the circuit described is a voltage tripler. Without neglecting the voltage

drops €s% across the diodes the output voltage is:

[0034] Fout = Foqee = Vad 4 287088 - Vds}
[0035] The operation described above is cyclic. In the general case when there are N

stages the output voltage of the charge pump is:

[0036] Fowt = Fdd + NFdd = V)
[0037] The transistor pairs 214 and 216 (M4-Ms), 218 and 220 (Me-M7) and 222 and 224

(Ms-Mp) function as comparators/switches. They ensure that the bulk of each charge transfer
transistor --- 206 (M1), 208 (M2), and 210 (M3) correspondingly--- is either switched to its
source or drain, depending on which of them has a higher potential. This eliminates the bulk
effect of transistors 206 (M1), 208 (M2), and 210 (M3). As a result, the ¥'&5 of cach stage is
minimized and does not depend on the stage number. Hence, the output voltage ¥5%¢ is a linear
function of the number of stages N. The above-described bulk switching also provides proper

biasing for the p-n junctions of the transistors.
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[0038] The bulk of the charge transfer PMOS transistor is either switched to its source or
drain, depending on which of them has a higher potential. This is done with two auxiliary
transistors (¢.g., 214 (My) and 216 (Ms)) functioning as comparators/switches. The maximum
voltage appears across the NWELL to substrate junction in these devices. In one standard 0.18
um CMOS construction process and as known to those skilled in the art, this voltage is about 10
volts. This voltage, however, is limited by the breakdown voltage of the sidewall component of
the NWELL to PWELL /substrate junction. In a standard deep submicron CMOS process, the
arca that is not an NWELL region is automatically formed (doped) as PWELL.

[0039] Referring now to FIG. 3, one example of the CMOS structure for the transistors of
the circuit of FIG. 2 is described. The substrate 302 is very lightly doped with acceptor atoms
(P-). The substrate 302 includes a PWELL region 304, a HV NWELL region 306 and a PWELL
region 308. The PWELL regions 304 and 308 are lightly doped with acceptor atoms and the HV
NWELL region 306 is lightly doped with donor atoms. These regions form the bulks of the
transistors. The PWELL regions form the bulk of the NMOS transistors and the NWELL regions
form the bulks of the PMOS transistors. The NMOS transistors are placed inside the PWELL
and the PMOS transistors are placed inside the NWELL. The circuit of FIG.2 has only PMOS
transistors. The transistors of the last stage (210 (M3), 222 (M8) and 224 (M9)) have their bulks
connected together. They are placed inside one HV NWELL. The transistors of the next to last
stage (208 (M2), 218 (M6) and 220 (M7)) are placed inside another HV NWELL. Only the last
stage(s) of the charge pumps are subjected to high voltages so they need to be placed in HV
(High Voltage) NWELL(s). The transistors of the first stage(s) can be placed inside NWELL(s)
without substrate blocking doping around it (them).

[0040] In a double well CMOS process, the breakdown voltage between the NWELL and
the substrate is limited by the breakdown voltage of the sidewall component of the NWELL to
PWELL/substrate junction (without a separation distance L). The bottom component of the
same junction has a higher breakdown voltage because the substrate has a lower doping level
than the PWELL regions 304 and 308. By blocking the formation of the PWELL regions 304
and 308 around the NWELL region 306, it ensures that the NWELL region 306 is entirely
surrounded by a low doped substrate, thereby increasing the breakdown voltage of the NWELL
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region 306 to substrate junction. Again, this blocking is accomplished using a blocked arca that

has a length L.

[0041] Depending on the length L of the blocked area, the breakdown voltage under
question can be increased from 10 to about 20 volts in a standard 0.18 um CMOS process. The
combination of appropriate circuit topology (limited by the maximum Vnwell-sub) and the
described substrate doping blocking around the critical NWELL(s) 306 allows the
implementation of a high output voltage charge pump in a standard low voltage CMOS process.
In one example, L is approximately 1.8 microns and ranges between approximately 0.7 microns

and 2 microns. Other examples of values for L are possible.

[0042] Referring now to FIG. 4, another example of a voltage pump circuit 400 (e.g., the
voltage pump 104 of FIG. 1) is described. The circuit 400 of FIG. 4 is a two-stage charge pump
that is a voltage tripler. It can be extended to N stages where N is any integer. The voltage drop
across cach of the transistors in this circuit is never higher than Vdd. Each stage is realized with
low voltage transistors (at least some of which are constructed according to the approaches
described with respect to FIG. 5) and the switches are fully switched off/on by a simple two
phase clock. The use of transistors with minimum dimensions provides minimum stray
capacitances to ground in the signal path, minimizing the charge (i.c., signal) loss. All these

features ensure high power and arca efficiencies.

[0043] The charge pump 400 of FIG. 4 is implemented according to a standard triple well
0.18 um CMOS process. In one example and with the proposed substrate doping blocking around
the NWELL it provides a measured output voltage of 11.5 V consuming 720 nA at 1.27 V
supply voltage (fcpx=512 kHz).

[0044] The circuit of FIG. 4 includes capacitors 402 (C1), 404 (C2), 406 (C3), 408 (C4),
410 (C5), 412 (C6), and 440 (Cout). The circuit also includes transistors 414 (M1), 416 (M2),
418 (M3), 420 (M4), 422 (M5), 424 (M6), 426 (M7), 428 (M8), 430 (M9), 432 (M10), 434
(M11), and 436 (M12). Initially, the capacitors are not charged. Therefore, the voltages across

7.‘\( . g“}TR = g“!fgt'é:.
; WY .

all of them are zero. Additionally, ¥ggx =&t
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[0045] ¥dd s applied to the designated input node in FIG. 4. The transistor 414 (M1) is
on and the capacitor 402 (C1) is being charged to a voltage ¥as = Vel — Falsare | where Vs
is the voltage drop across the transistor 414 (M1). Normally, ¥8& # ¥Fagsy 5o that Fos™ Ve

The transistors 416 (M2), 418 (M3), and 420 (M4) are off.

Vo = VAl G =90F 10 voltage of node

[0046] The clock signal changes its value
401 is ¥a = ¥ge % Vo ~ 2¥6Ed | The transistors 416 (M2), 418 (M3), 420 (M4) and 432 (M10)
turn on. Transistor 414 (M1) turns off at the same time. Transistors 422 (M5), 424 (M6) and 426
(M7) are also off. The capacitor 410 (C5) is being charged to a voltage

Ve = Vo + Vo — Vdogge =~ Fasyese (through transistors 416 (M2) and 432 (M10)).

[0047] Normally ¥rx # Fogg 2 Fulggse + V85640, s0 that at steady state

Vea = Voo + Fope2Fad | At the same time the capacitor 406 (C3) is being charged to a voltage
Vs = Vion + Vi — ¥elours . Again, normally ¥Fes % o 8¢ ¥dleges | so that at steady state

Ve~ Viog + ¥op~2¥dS | The capacitor 406 (C3) provides a proper bias for the
NWELL/DeepNWELL of the transistors of the first stage.

[0048] While the capacitors 406 (C3) and 410 (C5) are being charged, capacitor 404 (C2)
is also being charged to a voltage ¥z = ¥l = Fdsge . Normally, ¥Fed # ¥ilasgy so that at

steady state Vgz™ Fad |

: : T2 ST A P
[0049] The clock signal changes its value ¥ = &% ; Vm=Vea 1pe process

described above repeats. At the same time the voltage of node 403 is Y=V¥on+ Yom  The
transistors 434 (M11) and 436 (M12) turn on. The transistors 428 (MS), 430 (M9), and 432
(M10) are off. The capacitor 440 (Cout) is being charged to a voltage

Vaur = Vo + Vg — Vilogene . Again, normally op & Vg 3% 50 that at steady state

e Wmg o T :E‘E«E"‘i {Ifqeet = T2 ¥ : 1 1
Voo~V + Vgpdbiad 1 output voltage F'e1et = ¥rayed is approximately 3 times the input

one ¥&&} Thus, the described circuit is a voltage tripler. The biasing capacitor 412 (C6) is also

\\” 3 ﬁ-\z

Yoo + Vo — ¥ Analogously, Yo + Vo #ig | 5o

being charged to a voltage “& Ve

that at steady state Voee g # Vggedt ga ‘

10
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[0050] It will be appreciated that the voltage of node 411 at this moment is

Vo= Vo + Vg ~2¥8d The yransistors 422 (M5), 424 (M6), 426 (M7) are on and the

TE %3 . LE fn ey
T T e 2 (I iy, G0 R A
Yire ?z;:\g:‘ £ {Q‘ih v K8y S Sy

capacitor 408 (C4) is being charged to a voltage & Usually,

=

o, e [ % B ra = i e T = g b e ® Fidd
Voo + Vg ® Ve + Veays , so that at steady state Vor = Vg + Vgt Vaa,

[0051] The capacitor 406 (C3) is being charged to a voltage Ve = ¥is + ¥gg — Vafue

. fl:\‘g.z?: 3 ,\\g? g (g.‘ 3 A '\‘g.‘“' - — T(" i js — 3 T' f .;-f{'
Again &% + Vo % Voo , So that at steady state Vog = Vi + Vgp~EVas

[0052] The operation described above is cyclic. The output capacitor Cout is charged to
approximately 8¥&& every half clock period through transistors 428 (M8) and 434 (M11)

correspondingly. The described voltage multiplier operates in a push pull fashion.

[0053] Referring now to FIG. 5, one example of the CMOS structure for the transistors of
the circuit of FIG. 4 is described. A substrate 502 includes PWELL regions 504, 508, 512, and
516 and NWELL regions 506, 510, and 514 and a deep NWELL region 518. The transistors are
constructed using a triple-well process with substrate doping blocking around the NWELL
regions and around the Deep NWELL region 518. The doping blocking works in the same way

as has been described elsewhere herein.

[0054] The substrate 502 is very lightly doped with acceptor atoms (P-). The PWELL
regions 504, 508, 512, and 516 are lightly doped with acceptor atoms and the NWELL regions
506, 510, 514 are lightly doped with donor atoms, and the Deep NWELL region is lightly doped
with donor atoms. These regions form the bulks of the transistors. The PWELL regions (504,
512 and 516) form the bulk of the NMOS transistors. The PWELL region (508) above the Deep
NWELL region (518) forms the bulk of the isolated NMOS transistor(s).The NWELL regions
form the bulks of the PMOS transistors. Again, there is no full MOS transistor shown in FIG.5.

[0055] In the triple well process of FIG. 5 used to construct the MOS transistors, the
breakdown voltage between the NWELL and the substrate and also between the substrate and the
Deep NWELL region is limited by the breakdown voltage of the sidewall component of the
NWELL to PWELL/substrate junction (without a separation distance L). By adding the

separation distance L, the breakdown voltage is increased thereby increasing the maximum

11
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output voltage. In one example, L is approximately 1.8 microns and can range between 0.7

microns and 2 microns. Other examples of dimensions are possible.

[0056] In one particular example, the charge pump from FIG. 4 is constructed according
to a triple well 0.18 um CMOS process. In one example and with substrate doping blocking
around the NWELL a measured output voltage of 11.5 V consuming 720 nA at 1.27 V supply
voltage (fcrx=512 kHz) is provided. L is sclected to be 1.8 microns. Other examples of values

and dimensions are possible.

[0057] It will be appreciated that a method of manufacturing the above devices is also
provided and this process can use commonly available CMOS design kits. When the devices are
constructed, the elements of the circuits of FIG. 2, FIG. 4, FIG. 6, and FIG. 8 arc constructed (in
one example, on a single chip) and at least some of the transistors are constructed according to

the approaches described with respect to FIG. 3 or FIG. 5.

[0058] The isolated NMOS transistors 432 (M10) and 426 (M7) (c.g., see F1IG.4) arc
placed inside the PWELL (508). The PMOS transistors 430 (M9), 436 (M12), 434 (M11) and
428 (MR8) are placed inside the NWELLSs (506 and 510) above the Deep NWELL(518). The
NWELL/Deep NWELL is connected to the capacitor 412 (C6). The NWELL/Deep NWELL is
with substrate doping blocking around it. Analogously, the transistors of the next to last stage are
placed in another PWELL/NWELL/Deep NWELL structure (508/506,510/518) with substrate
doping blocking around it. Only the last stages of the charge pump are subjected to high voltages

and therefore need the substrate blocking. For the first stages, substrate blocking is not needed.

[0059] Referring now to FIGs. 6 and 7, another example of a charge pump circuit 600 is
described. The operation of this two stage gate boosted charge pump is implemented with only
PMOS transistors. The circuit shown is a voltage tripler. However, the approaches described

with respect to these figures can be extended to the general case of N stage charge pump.

[0060] The double well CMOS process of FIG. 3 may be used to construct the circuit
600. The PMOS transistors of the last stage 616 (M3), 630 (M10), and 632 (M11) have their
bulks connected together and are placed is a HV NWELL (306). Analogously, the PMOS
transistors of the next to last stage 614 (M2), 620 (M5), 626 (M8) and 628 (M9) are placed

12
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together in another (separate) NV NWELL. The first stages may be placed in NWELLSs without

substrate blocking doping around them.

[0061] The circuit 600 includes capacitors 602 (C1), 604 (C2), 606 (C3), 608 (C4) and
610 (COUT). The circuit 600 also includes transistors 612 (M1), 614 (M2), 616 (M3), 618
(M4), 620 (M5), 622 (M6), 624 (M7), 626 (MS), 628 (M9), 630 (M10), and 632 (M11). The
transistors M1-M11 are PMOS transistors. The signals CLK1-4 as applied to the circuit 600 are
shown in FIG. 7.

[0062] Initially, the capacitors 602-608 (C1-4) and 610 (Cout) are not charged.
Therefore, the voltages across all of them are zero. ¥esgs = 8 F ; Ve = ¥dd ;) Ve = 8F
Vome = ¥dd | V& g applied to the designated input node 634 in Fig. 6. The transistor 612
(M1) is on and the capacitor 602 (C1) is being charged to a voltage ¥ix = ¥dd — Fdagee | where
Fdsaee is the voltage drop across the transistor 612 (M1). Normally, ¥6 3 ¥dage, so that
Voo™~ ¥dd | The transistors 614 (M2) and 616 (M4) are off. ¥ews changes its value,

Yome = ¥&d | The transistor 612 (M1) turns off. Cclk2 changes its value, Vclk2=0V. The
transistor 618 (M4) turns on. Vclkl changes its value, Vclkl= Vdd. The voltage of node 611 is
Vg = Vo + ¥gge ~ 2¥dd | The capacitor 606 (C3) is charged to V&% ¥z changes its value,
Yome = 8V | The transistor 614 (M2) turns on. The capacitor 604 (C2) is being charged to

g = ¥y — Vdagee ~2Fdd | Normally ¥e # Velrym . Vome changes its value, ¥ome = ¥dd | The
transistor 614 (M2) turns off (at steady state operation). ¥aws changes its value Fosge = 8 ¥
The transistor 620 (M5) turns on. The capacitor 608 (C4) is charged to ¥€& . The capacitor 606
(C3) is discharged to zero.

[0063] Vclk2 changes its value, Vclk2=Vdd. The transistor 618 (M4) turns off. The
voltage of node 613 is ¥s = ¥og + ¥aome ™~ 3¥%8d | The output capacitor 610 (Cout) is charged to
Fooue = Vos + Fome — ¥d8us via the diode connected transistor 616 (M3). Again,

normally ¥es + Frms % Vdlage | so that at steady state Frawe™~¥ez + Foree™~3¥Fdd | The output
voltage &eut = ¥pued is approximately 3 times the input one #°&&} Thus, the circuit 600 is a
voltage tripler. The capacitor 608 (C4) is charged to 2¥éd at the same time. ¥zis changes its

value, ¥esge = ¥ ¥ | The transistor 612 (M1) turns on. The process described above repeats.

13
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[0064] The transistor pairs 622-624 (Mg-M>7), 626-628 (Ms-Mo) and 630-632 (M0-M1;)
function as comparators/switches. They ensure that the bulk of each charge transfer transistor,
612 (M1), 614 (M2), and 616 (M3) correspondingly, is cither switched to its source or drain,
depending on which of them has a higher potential. This climinates the bulk effect of 612 (M1),

614 (M2), and 616 (M3). As a result, the ¥&F of each stage is minimized and does not depend

on the stage number. Hence, the output voltage ¥ i a linear function of the number of stages
N. The described bulk switching also provides proper biasing for the p-n junctions of the
transistors 618 (M4) and 620 (M5).

[0065] Referring now to FIG. 8, another example of a charge pump circuit 800 is
described. The circuit 800 includes a diode 802 (D1), a diode 804 (D2), a diode 806 (D3), a
capacitor 808 (Cl1), a capacitor 810 (C2), and a capacitor 8§12 (Cout). The circuit of FIG. 8 is a
voltage tripler. The approaches described in FIG. 8 can be extended to the general case of N
stage charge pump. Floating p-n junction diodes are available in a triple well CMOS process as
known to those skilled in the art. In one example, the diode is placed inside the PWELL (508)
in FIG.5. Only part of the diode is shown in FIG.5 (the “p” part).

[0066] Initially, the capacitors 808 (C1), 810 (C2) and 812 (Cout)are not charged.

R
Therefore, the voltages across all of them are zero. ¥osx =8 F Vo = Ve

the designated input node 801. The diode 802 (D1) is on and the capacitor 808 (C1) is being

¥dd g applied to

charged to a voltage ¥is = ¥&d — ¥y | where ¥'és is the voltage drop across the diode 802(D1).
Normally, ¥ 3 ¥dy 50 that ¥oe™ ¥dd | The diode 804 (D2) is off. The clock signal changes
its value Yo = Vas Ve =8F p0 voltage of node 811 is ¥a = Ve + Vo ~ 2¥&d | The
diode 804 (D2) turns on. The diode 802 (D1) turns off at the same time. The capacitor 810 (C2)
is being charged to a voltage ¥x = ¥ex + ¥opg — ¥z | Again, normally Fer + Fop % ¥ 50

that at steady state ¥rz~¥ix ¥ Fogp~@Fad |

[0067] The clock signal changes its value ¥emp = &F ; Fg=Vad 1pe process

G=Vat B The

described above repeats. At the same time the voltage of node 813 is

diode 806 (D3) turns on. The capacitor 8§12 (Cout) is being charged to a voltage

o T e B — P . T o B % Faba
Vogur = Vg + Vgg — Vg Again, normally Vg + Vg Vag , So that at steady state

14
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Ve ~¥oe ¥ Fgg™3Was e qutput voltage ¥eut = ¥zaue? is approximately 3 times the input
one F&ak Thus, the circuit 800 described is a voltage tripler. The operation described above is

cyclic and repeats.

[0068] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. It should be understood that the
illustrated embodiments are exemplary only, and should not be taken as limiting the scope of the

invention.
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WHAT IS CLAIMED IS:

1. A microphone circuit comprising:

a condenser microphone, the condenser microphone configured to receive sound energy

and responsively convert the sound energy into a microphone output voltage;

a charge pump, the charge pump coupled to the microphone and configured to supply a

bias voltage to the microphone allowing the microphone to operate, the charge pump comprising:

- a circuit topology including an NWELL region and a substrate, the circuit
topology having a maximum output voltage limited by a breakdown voltage between the
NWELL region and the substrate, the topology being implemented in a low voltage
CMOS process;

- wherein the breakdown voltage between the NWELL region and the substrate is
increased by blocking the formation of a PWELL region around the NWELL region at a
predetermined distance so that the NWELL region is surrounded by a very lightly doped
substrate from substantially all sides thereby increasing the maximum output voltage of

the charge pump.

2. The microphone circuit of claim 1 wherein the PWELL region is lightly doped

with acceptor atoms.

3. The microphone circuit of claim 1 wherein the NWELL region is lightly doped

with donor atoms.

4. The microphone circuit of claim 1 further comprising an amplifier coupled to the

condenser microphone.

16
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5. The microphone circuit of claim 1 further comprising a deep NWELL region

disposed in the substrate.

6. The microphone circuit of claim 5 wherein the deep NWELL region is disposed
adjacent to the NWELL region.

7. The microphone circuit of claim 1 wherein the substrate is lightly doped and

completely surrounds the NWELL region.

8. A charge pump that is configured to supply a sufficient output/bias voltage to a
condenser microphone allowing the microphone to operate with sufficient sensitivity, the charge

pump comprising:

- a circuit topology including an NWELL region and a substrate, the circuit topology
having a maximum output voltage limited by a breakdown voltage between the NWELL region
and the substrate, the topology being implemented in a low voltage CMOS process;

- wherein the breakdown voltage between the NWELL region and the substrate is
increased by blocking the formation of a PWELL region around the NWELL at a predetermined
distance so that the NWELL region is surrounded by a very lightly doped substrate from

substantially all sides thereby increasing the maximum output voltage of the charge pump.

9. The charge pump of claim 8 wherein the PWELL region is doped with acceptor

atoms.
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10. The charge pump of claim 8 wherein the NWELL region is lightly doped with

donor atoms.

1. The charge pump of claim 8 further comprising an amplifier coupled to the

condenser microphone.

12.  The charge pump of claim 8 further comprising a deep NWELL region disposed

in the substrate.

13.  The charge pump of claim 12 wherein the deep NWELL region is disposed
adjacent to the NWELL region.

14. The charge pump of claim 8 wherein the substrate is lightly doped and completely
surrounds the NWELL region.
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