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REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of US Provisional Application No. 61/555,864

filed November 4, 201 1, which is incorporated herein by reference.

BACKGROUND

Field

[0002] The present technology relates to methods and apparatuses for improving the biasing

of well bias arrangements, which can lower leakage current and overall power consumption of

integrated circuits.

Description of Related Art

[0003] The p-type well and the n-type well of integrated circuits are biased such that the

source/drain-well junction in the p-type well, and the source/drain-well junction in the n-type

well, are reverse biased , or at least not forward biased.

[0004] For example, an n-type transistor in a p-type well has n+-doped source and drain

regions. Because a forward-biased junction is associated with high current and a reverse-biased

junction is associated with low current, the junction between the p-type well and the n+-doped

drain region of the n-type transistor is reverse biased by applying the lowest available voltage to

the p-type well, such as a ground voltage, or the voltage applied to the n+-doped source region of

the n-type transistor.

[0005] Similarly, a p-type transistor in an n-type well has p+-doped source and drain regions.

Again, because a forward-biased junction is associated with high current and a reverse-biased

junction is associated with low current, the junction between the n-type well and the p+-doped

source region is reverse biased by applying the highest available voltage to the n-type well, such

as a supply voltage, or the voltage applied to the p+-doped source region.



SUMMARY

[0006] Various embodiments are directed to various well bias arrangements.

[0007] In one well bias arrangement, no well bias voltage is applied to the n-well, and no

well bias voltage is applied to the p-well. Because no external well bias voltage is applied, the n-

well and the p-well are floating, even during operation of the devices in the n-well and the p-

well.

[0008] In another well bias arrangement, the lowest available voltage is not applied to the p-

well, such as a ground voltage, or the voltage applied to the n+-doped source region of the n-type

transistor in the p-well. This occurs even during operation of the n-type transistor in the p-well.

[0009] In yet another well bias arrangement, the highest available voltage is not applied to

the n-well, such as a supply voltage, or the voltage applied to the p+-doped source region of the

p-type transistor in the n-well. This occurs even during operation of the p-type transistor in the n-

well.

[0010] Various aspects of the technology are discussed in further detail below.

[0011] One aspect of the technology is an integrated circuit, comprising a substrate, an n-

well in the substrate, a device in the n-well, a p-well in the substrate, a device in the p-well, and

biasing circuitry providing all bias voltages required by the device in the n-well and the device in

the p-well for operation. Examples of such devices include transistors, such as a p-type

transistor in the n-well, an n-type transistor in the p-well, and other integrated circuit devices.

The biasing circuitry provides the bias voltages during operation of the device in the n-well and

the device in the p-well, as follows: (i) the biasing circuitry applies a bias voltage arrangement to

the device in the n-well and the device in the p-well, (ii) no well bias voltage is applied by the

biasing circuitry to the n-well, and (iii) no well bias voltage is applied by the biasing circuitry to

the p-well.

[0012] In one embodiment, no well bias voltage is applied by the biasing circuitry to the n-

well such that the n-well floats during operation of the device in the n-well, and no well bias

voltage is applied by the biasing circuitry to the p-well such that the p-well floats during

operation of the device in the p-well. In one embodiment, the circuit includes an electrical

connection receiving no bias voltage applied by the biasing circuitry, and the electrical

connection is shared by the n-well and the p-well such that the n-well and the p-well float

together. In one embodiment, no electrical connection is shared by the n-well and the p-well

such that the n-well and the p-well float separately.



[0013] In one embodiment, the circuit includes an electrical interconnection shared by the n-

well and the p-well, and no well bias voltage is applied by the biasing circuitry to the electrical

interconnection.

[0014] In one embodiment, the n-well has an n-well contact, the p-well has a p-well contact,

and the circuit includes an electrical interconnection electrically connected to the n-well contact

and the p-well contact such that the electrical interconnection is shared by the n-well and the p-

well, and no well bias voltage is applied by the biasing circuitry to the electrical interconnection.

[0015] In one embodiment, the device in the n-well and the device in the p-well have device

contacts receiving the bias voltage arrangement from the biasing circuitry, and the n-well and the

p-well have no well contacts.

[0016] In one embodiment, the circuit includes electrical interconnections between (i) the

biasing circuitry and (ii) the device in the n-well and the device in the p-well. The circuit

includes no electrical interconnections between (i) the biasing circuitry and (ii) the n-well and

the p-well.

[0017] Another aspect of the technology is an integrated circuit, comprising a substrate, a p-

well in the substrate, an n-type transistor in the p-well, electrical interconnections, and biasing

circuitry. The n-type transistor in the p-well includes an n-type source and an n-type drain in the

p-well. The electrical interconnections are between the biasing circuitry and each of: the p-well,

the n-type source, and the n-type drain.

[0018] During operation of the n-type transistor, the biasing circuitry applies a bias voltage

arrangement to the electrical interconnections. The bias voltage arrangement includes: a source

voltage applied to the n-type source, a drain voltage applied to the n-type drain, and a well

voltage applied to the p-well. The well voltage is intermediate between the source voltage and

the drain voltage.

[0019] In one embodiment, the bias voltage arrangement includes a forward bias applied to

the p-well with respect to at least one of the n-type source and the n-type drain.

[0020] A further aspect of the technology is an integrated circuit, comprising a substrate, an

n-well in the substrate, a p-type transistor in the n-well, electrical interconnections, and biasing

circuitry. The p-type transistor in the n-well includes a p-type source and a p-type drain in the n-

well. The electrical interconnections are between biasing circuitry and each of: the n-well, the p-

type source, and the p-type drain.

[0021] During operation of the p-type transistor, the biasing circuitry applies a bias voltage

arrangement to the electrical interconnections. The bias voltage arrangement includes: a source



voltage applied to the p-type source, a drain voltage applied to the p-type drain, and a well

voltage applied to the n-well. The well voltage is intermediate between the source voltage and

the drain voltage.

[0022] In one embodiment, the bias voltage arrangement includes a forward bias applied to

the n-well with respect to at least one of the p-type source and the p-type drain.

[0023] Yet another aspect of the technology is an integrated circuit, comprising a substrate,

an n-well in the substrate, a p-type transistor in the n-well (including a p-type source and a p-

type drain in the n-well), a p-well in the substrate, an n-type transistor in the p-well (including an

n-type source and an n-type drain in the p-well), electrical interconnections, and biasing

circuitry. The electrical interconnections are between biasing circuitry and each of: the n-well,

the p-type source, the p-type drain, the p-well, the n-type source, and the n-type drain.

[0024] During operation of the p-type transistor and the n-type transistor, the biasing

circuitry applies a bias voltage arrangement to the electrical interconnections. The bias voltage

arrangement includes: (i) a first source voltage applied to the n-type source; (ii) a first drain

voltage applied to the n-type drain; (iii) a first well voltage applied to the p-well, the first well

voltage being intermediate between the first source voltage and the first drain voltage; (iv) a

second source voltage applied to the p-type source; (v) a second drain voltage applied to the p-

type drain; and (vi) a second well voltage applied to the n-well, the second well voltage being

intermediate between the second source voltage and the second drain voltage.

[0025] In one embodiment, the bias voltage arrangement includes a forward bias applied to

the p-well with respect to at least one of the n-type source and the n-type drain.

[0026] In one embodiment, the bias voltage arrangement includes a forward bias applied to

the n-well with respect to at least one of the p-type source and the p-type drain.

[0027] In one embodiment, the first well voltage applied to the p-well and the second well

voltage applied to the n-well are equal.

[0028] In one embodiment, the first well voltage applied to the p-well and the second well

voltage applied to the n-well are different.

[0029] Other aspects are directed to a computer readable medium storing computer

instructions to perform a method of designing an integrated circuit, the method for use by a

computer system having a processor and memory. The computer instructions are executable by

the computer system to design the integrated circuit as described herein.



[0030] Other aspects are directed to a computer system designing an integrated circuit,

comprising a processor and memory, configured to design an integrated circuit as described

herein.

[0031] Other aspects are directed to a method of operating an integrated circuit as described

herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Figure 1 is a graph showing variations in leakage current with supply voltage, for two

well bias arrangements - a first well bias arrangement of well bias voltages of Vdd and 0V

applied respectively to the n-type well and the p-type well, and a second well bias arrangement

of the well bias voltage Vdd / 2 applied to the n-type well and the p-type well.

[0033] Figure 2 shows the graph of Figure 1 showing variations in leakage current with

supply voltage, overlaid with the forward and reverse leakage components on the curve

corresponding to the well bias arrangement of the well bias voltage Vdd / 2 applied to the n-type

well and the p-type well.

[0034] Figure 3 shows an n-type transistor in a p-type well, and a p-type transistor in an n-

type well, where the p-type well and the n-type well receive well bias voltages from the well

contacts of Vdd / 2 (half the supply voltage, or half the voltage applied to n-type transistor drain,

or half the voltage applied to p-type transistor source).

[0035] Figure 4 shows a graph of the doping concentrations of the substrate, wells, and

transistor sources and drains of Figure 3.

[0036] Figure 5 shows a graph of the voltages of the substrate, wells, and transistor sources

and drains of Figure 3, when a ground voltage is applied as the well bias voltage of the p-type

well and Vdd (supply voltage, or voltage applied to n-type transistor drain, or the voltage applied

to p-type transistor source) is applied as the well bias voltage of the n-type well.

[0037] Figure 6 shows a graph of the voltages of the substrate, wells, and transistor sources

and drains of Figure 3, where the p-type well and the n-type well receive well bias voltages from

the well contacts of Vdd / 2 (half the supply voltage, or half the voltage applied to n-type

transistor drain, or half the voltage applied to p-type transistor source).

[0038] Figure 7 shows a graph of the electron current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 5, when a ground

voltage is applied as the well bias voltage of the p-type well and Vdd (supply voltage, or voltage



applied to n-type transistor drain, or the voltage applied to p-type transistor source) is applied as

the well bias voltage of the n-type well.

[0039] Figure 8 shows a graph of the electron current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 6, where the p-

type well and the n-type well receive well bias voltages from the well contacts of Vdd / 2 (half

the supply voltage, or half the voltage applied to n-type transistor drain, or half the voltage

applied to p-type transistor source).

[0040] Figure 9 shows a graph of the hole current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 5, when a ground

voltage is applied as the well bias voltage of the p-type well and Vdd (supply voltage, or voltage

applied to n-type transistor drain, or the voltage applied to p-type transistor source) is applied as

the well bias voltage of the n-type well.

[0041] Figure 10 shows a graph of the hole current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 6, where the p-

type well and the n-type well receive well bias voltages from the well contacts of Vdd / 2 (half

the supply voltage, or half the voltage applied to n-type transistor drain, or half the voltage

applied to p-type transistor source).

[0042] Figure 11 shows an n-type transistor in a p-type well, and a p-type transistor in an n-

type well, where the p-type well and the n-type well float separately (and do not receive well

bias voltages from well contacts).

[0043] Figure 12 shows the graph of Figure 1 showing variations in leakage current with

supply voltage, supplemented with a third well bias arrangement of the n-type well and the p-

type well allowed to separately float, such that no well bias voltage is applied to the n-well and

no well bias voltage is applied to the p-well.

[0044] Figure 13 is a graph showing variations in leakage current with silicon wafer quality,

for three well bias arrangements - a first well bias arrangement of well bias voltages of Vdd and

0V applied respectively to the n-type well and the p-type well, a second well bias arrangement of

the well bias voltage Vdd / 2 applied to the n-type well and the p-type well, and a third well bias

arrangement of the n-type well and the p-type well allowed to separately float such that no well

bias voltage is applied to the n-well and no well bias voltage is applied to the p-well.

[0045] Figure 14 shows an n-type transistor in a p-type well, and a p-type transistor in an n-

type well, where the p-type well and the n-type well float together (and do not receive well bias



voltages from well contacts), such as by joining the n-type well and the p-type well with a

common electrical contact.

[0046] Figure 15 is a graph of the well potential versus supply voltage for three types of

wells - the separately floating n-type well, the separately floating p-type well, and the p-type

well and the n-type well floating together.

[0047] Figure 16 shows a simplified representation of an illustrative integrated circuit design

flow incorporating features of the technology.

[0048] Figure 17 is a simplified block diagram of a computer system that can be used to

implement software incorporating aspects of the technology.

DETAILED DESCRIPTION

[0049] Figure 1 is a graph showing variations in leakage current with supply voltage, for two

well bias arrangements - a first well bias arrangement of well bias voltages of Vdd and 0V

applied respectively to the n-type well and the p-type well, and a second well bias arrangement

of the well bias voltage Vdd / 2 applied to the n-type well and the p-type well.

[0050] For the first well bias arrangement of well bias voltages of Vdd and 0V applied

respectively to the n-type well and the p-type well, as the supply voltage Vdd drops through

1.4V, 1.2V, IV, and 0.8V, the total leakage current drops through 236mA, 172mA, 106mA, and

32mA.

[0051] For the second well bias arrangement of the well bias voltage Vdd / 2 applied to the

n-type well and the p-type well, as the supply voltage Vdd drops through 1.4V, 1.2V, IV, and

0.8V, the total leakage current drops through 3700mA, 80mA, 5.4mA, and 1.7mA.

[0052] Around the supply voltage 1.2V or less, total leakage current is better with the second

well bias arrangement than the first well bias arrangement. For example: (i) at Vdd = 1.2V, there

is a 2x difference in improved, decreased total leakage; (ii) at Vdd = IV, there is a 20x difference

in improved, decreased total leakage; (iii) at Vdd = 0.8V, there is a 20x difference in improved,

decreased total leakage.

[0053] Figure 2 shows the graph of Figure 1 showing variations in leakage current with

supply voltage, overlaid with the forward and reverse leakage components on the curve

corresponding to the well bias arrangement of the well bias voltage Vdd / 2 applied to the n-type

well and the p-type well.

[0054] Around the supply voltage 1.IV or more, total leakage current is dominated by

forward junction leakage current. Forward leakage is exponential versus bias. Around the



supply voltage 1.1V or less, total leakage current is dominated by reverse junction leakage

current. Reverse leakage is mainly due to band-to-band tunneling.

[0055] Figure 3 shows the n-type transistor and p-type transistor whose various associated

doping, potential, and current densities are shown in subsequent figures.

[0056] In particular, Figure 3 shows an n-type transistor in a p-type well, and a p-type

transistor in an n-type well, where the p-type well and the n-type well receive well bias voltages

from the well contacts of Vdd / 2 (half the supply voltage, or half the voltage applied to n-type

transistor drain, or half the voltage applied to p-type transistor source). Biasing circuitry applies

a bias voltage arrangement to the sources, drains, gates, and wells.

[0057] Figure 4 shows a graph of the doping concentrations of the substrate, wells, and

transistor sources and drains of Figure 3.

[0058] The positive values mean n-type doping concentrations, and the negative values mean

p-type doping concentrations. The positive value of 1.7 x 10 20 cm -3 corresponds with the n+-

doped source and drain of the n-type transistor. The negative value of -1.3 x 10 20 cm -3

corresponds with the p+-doped source and drain of the n-type transistor. In both the p-well and

the n-well, the doping concentrations fall off quickly with well depth.

[0059] The post-shaped contacts are electrical interconnections that apply a bias voltage

arrangement of the biasing circuitry. On the p-well side, electrical interconnections apply a drain

voltage and a source voltage of the n-type transistor and a p-well bias voltage Vdd / 2. The gate

of the n-type transistor is not shown. On the n-well side, electrical interconnections apply a

drain voltage and a source voltage of the p-type transistor and an n-well bias voltage Vdd / 2.

The gate of the p-type transistor is not shown.

[0060] Figure 5 shows a graph of the voltages of the substrate, wells, and transistor sources

and drains of Figure 3, when a ground voltage is applied as the well bias voltage of the p-type

well and Vdd (supply voltage, or voltage applied to n-type transistor drain, or the voltage applied

to p-type transistor source) is applied as the well bias voltage of the n-type well.

[0061] Several junctions are reverse biased relatively strongly (compared to the next figure):

p-well/n-well, p-well/n+-doped drain, n-well/p+-doped drain. Reverse bias refers to the external

voltages applied by the biasing circuitry via the electrical interconnections, such that the external

voltages apply a lower voltage to the p-doped side than the n-doped side.

[0062] The simulation has a supply voltage Vdd of 0.8V. The well bias voltage of Vdd or

0.8 V is applied to the n-well, and the well bias voltage of 0V is applied to the p-well. The

actual well voltages shift from the well bias voltages applied by the electrical interconnections,



because of the built-in voltage which results from doping. The effects of built-in voltage

increase with the p-type and n-type doping concentrations. As a result of built-in voltage, the

actual voltage of the most highly p-doped areas of the p-well shifts from the applied well bias

voltage of 0V to an actual p-well voltage of -0.55V, and the actual voltage of the most highly n-

doped areas of the n-well shifts from the applied well bias voltage of 0.8V to an actual n-well

voltage of 1.4V.

[0063] Figure 6 shows a graph of the voltages of the substrate, wells, and transistor sources

and drains of Figure 3, where the p-type well and the n-type well receive well bias voltages from

the well contacts of Vdd / 2 (half the supply voltage, or half the voltage applied to n-type

transistor drain, or half the voltage applied to p-type transistor source).

[0064] The simulation has a supply voltage Vdd of 0.8V. The well bias voltage of Vdd / 2 or

0.4 V is applied to the n-well, and the well bias voltage of Vdd / 2 or 0.4V is applied to the p-

well. Because zero bias is applied across the p-well and n-well due to the same well bias voltage

being applied to the p-well and n-well, actual well voltage differences result from built-in

voltage. As a result of built-in voltage, the actual voltage of the most highly p-doped areas of the

p-well shifts from the applied well bias voltage of 0.4 V to an actual p-well voltage of -0. 15V,

and the actual voltage of the most highly n-doped areas of the n-well shifts from the applied well

bias voltage of 0.4V to an actual n-well voltage of 1.0V.

[0065] Several junctions are reverse biased relatively weakly (compared to the prior figure):

p-well/n-well, p-well/n+-doped drain, n-well/p+-doped drain. Reverse bias refers to the external

voltages applied by the biasing circuitry via the electrical interconnections, such that the external

voltages apply a lower voltage to the p-doped side than the n-doped side.

[0066] Several junctions are forward biased weakly: p-well/n+-doped source, n-well/p+-

doped source. Forward bias refers to the external voltages applied by the biasing circuitry via

the electrical interconnections, such that the external voltages apply a higher voltage to the p-

doped side than the n-doped side.

[0067] Figure 7 shows a graph of the electron current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 5, when a ground

voltage is applied as the well bias voltage of the p-type well and Vdd (supply voltage, or voltage

applied to n-type transistor drain, or the voltage applied to p-type transistor source) is applied as

the well bias voltage of the n-type well.

[0068] The leakage current is band-to-band tunneling current from the reverse biased

junctions of p-well/n+-doped drain, and n-well/p+-doped drain. Accordingly, high electron



current density is in the n+-doped drain, and in the n-well between the p+-doped drain and the

electrical interconnection receiving the n-well bias voltage.

[0069] Figure 8 shows a graph of the electron current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 6, where the p-

type well and the n-type well receive well bias voltages from the well contacts of Vdd / 2 (half

the supply voltage, or half the voltage applied to n-type transistor drain, or half the voltage

applied to p-type transistor source).

[0070] The sources and locations of the band-to-band tunneling current from the reverse

biased junctions of p-well/n+-doped drain, and n-well/p+-doped drain, are the same as the prior

figure. However, because the amount of reverse bias is halved, the magnitudes of the high

electron current density are decreased.

[0071] An additional source of leakage current is the forward biased junction current from

the forward biased junction of the p-well/n+-doped source. However, the electron current

density in the n+-doped source is negligible, indicating that the leakage contribution of the

forward biased junction is negligible.

[0072] Figure 9 shows a graph of the hole current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 5, when a ground

voltage is applied as the well bias voltage of the p-type well and Vdd (supply voltage, or voltage

applied to n-type transistor drain, or the voltage applied to p-type transistor source) is applied as

the well bias voltage of the n-type well.

[0073] The leakage current is band-to-band tunneling current from the reverse biased

junctions of p-well/n+-doped drain, and n-well/p+-doped drain. Accordingly, high hole current

density is in the p+-doped drain, and in the p-well between the n+-doped drain and the electrical

interconnection receiving the p-well bias voltage.

[0074] Figure 10 shows a graph of the hole current density of the substrate, wells, and

transistor sources and drains of Figure 3 and corresponding voltages of Figure 6, where the p-

type well and the n-type well receive well bias voltages from the well contacts of Vdd / 2 (half

the supply voltage, or half the voltage applied to n-type transistor drain, or half the voltage

applied to p-type transistor source).

[0075] The sources and locations of the band-to-band tunneling current from the reverse

biased junctions of p-well/n+-doped drain, and n-well/p+-doped drain, are the same as the prior

figure. However, because the amount of reverse bias is halved, the magnitudes of the high hole

current density are decreased.



[0076] An additional source of leakage current is the forward biased junction current from

the forward biased junction of the n-well/p+-doped source. However, the hole current density in

the p+-doped source is negligible, indicating that the leakage contribution of the forward biased

junction is negligible.

[0077] Figure 11 shows an n-type transistor in a p-type well, and a p-type transistor in an n-

type well, where the p-type well and the n-type well float separately (and do not receive well

bias voltages from well contacts).

[0078] In particular, Figure 11 shows an n-type transistor in a p-type well, and a p-type

transistor in an n-type well, where the p-type well and the n-type well receive no well bias

voltages. The p-well and the n-well float separately. Biasing circuitry applies a bias voltage

arrangement to the sources, drains, and gates. The separately floating wells have a self-adapting

balance of leakage currents.

[0079] Figure 12 shows the graph of Figure 1 showing variations in leakage current with

supply voltage, supplemented with a third well bias arrangement of the n-type well and the p-

type well allowed to separately float, such that no well bias voltage is applied to the n-well and

no well bias voltage is applied to the p-well.

[0080] Around the supply voltage 1.4V or less, total leakage current is better with the third

well bias arrangement than the first well bias arrangement (well bias voltages of Vdd and 0V

applied respectively to the n-type well and the p-type well).

[0081] Around the supply voltage 1.2V or more, and 0.8V or less, total leakage current is

better with the third well bias arrangement than the second well bias arrangement (well bias

voltage Vdd / 2 applied to the n-type well and the p-type well).

[0082] Between around the supply voltages of 0.8V and 1.2V, total leakage current is worse

with the third well bias arrangement than the second well bias arrangement. However, the third

well bias arrangement has an advantage that well contacts are not required, simplifying the

layout.

[0083] Figure 13 is a graph showing variations in leakage current with silicon wafer quality,

for three well bias arrangements - a first well bias arrangement of well bias voltages of Vdd and

0V applied respectively to the n-type well and the p-type well, a second well bias arrangement of

the well bias voltage Vdd / 2 applied to the n-type well and the p-type well, and a third well bias

arrangement of the n-type well and the p-type well allowed to separately float such that no well

bias voltage is applied to the n-well and no well bias voltage is applied to the p-well.



[0084] Minority carrier lifetime is a measure of silicon wafer quality, where clean silicon

wafers have longer minority carrier lifetimes, and dirty silicon wafers have shorter minority

carrier lifetimes. Standard silicon wafers, in between these extremes, have a minority carrier

lifetime around in the upper decade of 10 -7 seconds, or around 50-100 microseconds.

[0085] The second well bias arrangement (well bias voltage Vdd / 2 applied to the n-type

well and the p-type well) shows the lowest total leakage with clean silicon wafers and much of

standard silicon wafers. The third well bias arrangement (n-type well and the p-type well

allowed to separately float) shows the lowest total leakage with dirty silicon wafers and some

standard silicon wafers. The third well bias arrangement relies on some leakage to avoid

building up excessive well biases.

[0086] Figure 14 shows an n-type transistor in a p-type well, and a p-type transistor in an n-

type well, where the p-type well and the n-type well float together (and do not receive well bias

voltages from well contacts), such as by joining the n-type well and the p-type well with a

common electrical contact.

[0087] In particular, Figure 14 shows an n-type transistor in a p-type well, and a p-type

transistor in an n-type well, where the p-type well and the n-type well receive no well bias

voltages. The p-well and the n-well float together. One example electrical interconnection

between the p-well and the n-well is that the p-well and the n-well are connected together.

Biasing circuitry applies a bias voltage arrangement to the sources, drains, and gates.

[0088] Figure 15 is a graph of the well potential versus supply voltage for three types of

wells - the separately floating n-type well, the separately floating p-type well, and the p-type

well and the n-type well floating together.

[0089] The joined p-well and n-well floating together finds a bias and a leakage that are

nearly identical to the well bias arrangement of applying Vdd / 2 to the p-well and n-well.

Separately floating p-well and n-well find the following biases. Below supply voltage

Vdd=1.2V, the p-well bias is higher than the n-well bias, and the band-to-band leakage current is

dominant. At Vdd=1.2V, both of the well biases are about Vdd / 2. Above Vdd=1.2V, the n-

well bias is higher than the p-well bias, and the leakage from forward biased junction current

dominant.

[0090] Figure 16 shows a simplified representation of an illustrative integrated circuit design

flow incorporating features of the technology.

[0091] At a high level, the process starts with the product idea (step 100) and is realized in

an EDA (Electronic Design Automation) software design process (step 110). When the design is



finalized, it can be taped-out (step 140). After tape out, the fabrication process (step 150) and

packaging and assembly processes (step 160) occur resulting, ultimately, in finished integrated

circuit chips (result 170).

[0092] The EDA software design process (step 110) is actually composed of a number of

steps 112-130, shown in linear fashion for simplicity. In an actual integrated circuit design

process, the particular design might have to go back through steps until certain tests are passed.

Similarly, in any actual design process, these steps may occur in different orders and

combinations. This description is therefore provided by way of context and general explanation

rather than as a specific, or recommended, design flow for a particular integrated circuit.

[0093] A brief description of the components steps of the EDA software design process (step

110) will now be provided.

[0094] System design (step 111): The designers describe the functionality that they want to

implement, they can perform what-if planning to refine functionality, check costs, etc.

Hardware-software architecture partitioning can occur at this stage. Example EDA software

products from Synopsys, Inc. that can be used at this step include Model Architect, Saber,

System Studio, and DesignWare® products.

[0095] Logic design and functional verification (step 114): At this stage, the VHDL or

Verilog code for modules in the system is written and the design is checked for functional

accuracy. More specifically, the design is checked to ensure that it produces the correct outputs

in response to particular input stimuli. Example EDA software products from Synopsys, Inc.

that can be used at this step include VCS, VERA, DesignWare®, Magellan, Formality, ESP and

LEDA products.

[0096] Synthesis and design for test (step 116): Here, the VHDL/Verilog is translated to a

netlist. The netlist can be optimized for the target technology. Additionally, the design and

implementation of tests to permit checking of the finished chip occurs. Example EDA software

products from Synopsys, Inc. that can be used at this step include Design Compiler®, IC

Compiler, DFT Compiler, Power Compiler, FPGA Compiler, TetraMAX ATPG, and

DesignWare® products.

[0097] Netlist verification (step 118): At this step, the netlist is checked for compliance with

timing constraints and for correspondence with the VHDL/Verilog source code. Example EDA

software products from Synopsys, Inc. that can be used at this step include Formality,

PrimeTime, and VCS products.



[0098] Design planning (step 120): Here, an overall floor plan for the chip is constructed and

analyzed for timing and top-level routing. Example EDA software products from Synopsys, Inc.

that can be used at this step include Astro and IC Compiler products.

[0099] Physical implementation (step 122): The placement (positioning of circuit elements)

and routing (connection of the same) occurs at this step. Example EDA software products from

Synopsys, Inc. that can be used at this step include the Astro and IC Compiler products.

[00100] Analysis and extraction (step 124): At this step, the circuit function is verified at a

transistor level, this in turn permits what-if refinement. Example EDA software products from

Synopsys, Inc. that can be used at this step include AstroRail, PrimeRail, PrimeTime, and Star

RC products.

[00101] Physical verification (step 126): At this step various checking functions are

performed to ensure correctness for: manufacturing, electrical issues, lithographic issues, and

circuitry. Example EDA software products from Synopsys, Inc. that can be used at this step

include the IC Validator product.

[00102] Resolution enhancement (step 128): This step involves geometric manipulations of

the layout to improve manufacturability of the design. Example EDA software products from

Synopsys, Inc. that can be used at this step include Proteus, ProteusAF, and PSMGen products.

[00103] Mask data preparation (step 130): This step provides the "tape-out" data for

production of masks for lithographic use to produce finished chips. Example EDA software

products from Synopsys, Inc. that can be used at this step include the CATS(R) family of

products.

[00104] Figure 17 is a simplified block diagram of a computer system that can be used to

implement software incorporating aspects of the technology.

[00105] Computer system 210 typically includes a processor subsystem 214 which

communicates with a number of peripheral devices via bus subsystem 212. These peripheral

devices may include a storage subsystem 224, comprising a memory subsystem 226 and a file

storage subsystem 228, user interface input devices 222, user interface output devices 220, and a

network interface subsystem 216. The input and output devices allow user interaction with

computer system 210. Network interface subsystem 216 provides an interface to outside

networks, including an interface to communication network 218, and is coupled via

communication network 218 to corresponding interface devices in other computer systems.

Communication network 218 may comprise many interconnected computer systems and

communication links. These communication links may be wireline links, optical links, wireless



links, or any other mechanisms for communication of information. While in one embodiment,

communication network 218 is the Internet, in other embodiments, communication network 218

may be any suitable computer network.

[00106] The physical hardware component of network interfaces are sometimes referred to as

network interface cards (NICs), although they need not be in the form of cards: for instance they

could be in the form of integrated circuits (ICs) and connectors fitted directly onto a

motherboard, or in the form of macrocells fabricated on a single integrated circuit chip with

other components of the computer system.

[00107] User interface input devices 222 may include a keyboard, pointing devices such as a

mouse, trackball, touchpad, or graphics tablet, a scanner, a touch screen incorporated into the

display, audio input devices such as voice recognition systems, microphones, and other types of

input devices. In general, use of the term "input device" is intended to include all possible types

of devices and ways to input information into computer system 210 or onto computer network

218.

[00108] User interface output devices 220 may include a display subsystem, a printer, a fax

machine, or non visual displays such as audio output devices. The display subsystem may

include a cathode ray tube (CRT), a flat panel device such as a liquid crystal display (LCD), a

projection device, or some other mechanism for creating a visible image. The user interface

output devices may also provide non visual display such as via audio output devices. In general,

use of the term "output device" is intended to include all possible types of devices and ways to

output information from computer system 210 to the user or to another machine or computer

system.

[00109] Storage subsystem 224 stores the basic programming and data constructs that provide

the functionality of certain aspects of the present invention. For example, the various modules

implementing the functionality of a circuit simulator and computer- implemented steps in the

prior figures may be stored in storage subsystem 224. These software modules are generally

executed by processor subsystem 214. The data constructs stored in the storage subsystem 224

also can include any technology files, macrocell libraries, layout files, and other databases

mentioned herein. Note that in some embodiments, one or more of these can be stored elsewhere

but accessibly to the computer system 210, for example via the communication network 218.

[00110] Memory subsystem 226 typically includes a number of memories including a main

random access memory (RAM) 230 for storage of instructions and data during program

execution and a read only memory (ROM) 232 in which fixed instructions are stored. File



storage subsystem 228 provides persistent storage for program and data files, and may include a

hard disk drive, a floppy disk drive along with associated removable media, a CD ROM drive, an

optical drive, or removable media cartridges. The databases and modules implementing the

functionality of certain embodiments of the invention may have been provided on a computer

readable medium such as one or more CD-ROMs (or may have been communicated to the

computer system 210 via the communication network 218), and may be stored by file storage

subsystem 228. The host memory 226 contains, among other things, computer instructions

which, when executed by the processor subsystem 214, cause the computer system to operate or

perform functions as described herein. As used herein, processes and software that are said to run

in or on "the host" or "the computer", execute on the processor subsystem 214 in response to

computer instructions and data in the host memory subsystem 226 including any other local or

remote storage for such instructions and data.

[00111] Bus subsystem 212 provides a mechanism for letting the various components and

subsystems of computer system 210 communicate with each other as intended. Although bus

subsystem 212 is shown schematically as a single bus, alternative embodiments of the bus

subsystem may use multiple busses.

[00112] Computer system 210 itself can be of varying types including a personal computer, a

portable computer, a workstation, a computer terminal, a network computer, a television, a

mainframe, or any other data processing system or user device. Due to the ever changing nature

of computers and networks, the description of computer system 210 depicted is intended only as

a specific example for purposes of illustrating the preferred embodiments of the present

invention. Many other configurations of computer system 210 are possible having more or fewer

components than the computer system depicted.

[00113] Figure 17A is a simplified block diagram of a nontransitory computer readable

medium storing computer executable instructions that implement software incorporating aspects

of the technology. Example software includes EDA software discussed herein, such as EDA

programs for floating or applying voltage to a well of an integrated circuit, and/or other

technology discussed herein.

[00114] Various discussed embodiments include the n-well and the p-well with twin tub

technology. Other embodiments include an n-type substrate and a p-well, and a p-type substrate

with an n-well. Other embodiments include triple-well or quadruple-well process technologies

which comprise multiple isolated p-well regions nested within deep n-well structures, and/or

multiple isolated n-well regions nested within deep p-well structures.



[00115] While the present technology is disclosed by reference to the preferred embodiments

and examples detailed above, it is to be understood that these examples are intended in an

illustrative rather than in a limiting sense. It is contemplated that modifications and

combinations will readily occur to those skilled in the art, which modifications and combinations

will be within the spirit of the invention and the scope of the following claims. What is claimed

is:



CLAIMS

1. An integrated circuit, comprising:

a substrate;

an n-well in the substrate;

a device in the n-well;

a p-well in the substrate;

a device in the p-well;

biasing circuitry providing all bias voltages required by the device in the n-well and the

device in the p-well for operation, wherein during operation of the device in the n-well and the

device in the p-well: (i) the biasing circuitry applies a bias voltage arrangement to the device in

the n-well and the device in the p-well, (ii) no well bias voltage is applied by the biasing circuitry

to the n-well, and (iii) no well bias voltage is applied by the biasing circuitry to the p-well.

2. The circuit of claim 1, wherein no well bias voltage is applied by the biasing circuitry to

the n-well such that the n-well floats during operation of the device in the n-well, and no well

bias voltage is applied by the biasing circuitry to the p-well such that the p-well floats during

operation of the device in the p-well.

3 . The circuit of claim 1, wherein no well bias voltage is applied by the biasing circuitry to

the n-well such that the n-well floats during operation of the device in the n-well, and no well

bias voltage is applied by the biasing circuitry to the p-well such that the p-well floats during

operation of the device in the p-well, and

the circuit includes an electrical connection receiving no bias voltage applied by the

biasing circuitry, the electrical connection shared by the n-well and the p-well such that the n-

well and the p-well float together.

4. The circuit of claim 1, wherein no well bias voltage is applied by the biasing circuitry to

the n-well such that the n-well floats during operation of the device in the n-well, and no well

bias voltage is applied by the biasing circuitry to the p-well such that the p-well floats during

operation of the device in the p-well, and

no electrical connection is shared by the n-well and the p-well such that the n-well and

the p-well float separately.



5. The circuit of claim 1, wherein the circuit includes an electrical interconnection shared by

the n-well and the p-well, and no well bias voltage is applied by the biasing circuitry to the

electrical interconnection.

6. The circuit of claim 1, wherein the n-well has an n-well contact, the p-well has a p-well

contact, and the circuit includes an electrical interconnection electrically connected to the n-well

contact and the p-well contact such that the electrical interconnection is shared by the n-well and

the p-well, and no well bias voltage is applied by the biasing circuitry to the electrical

interconnection.

7. The circuit of claim 1, wherein the device in the n-well and the device in the p-well have

device contacts receiving the bias voltage arrangement from the biasing circuitry, and the n-well

and the p-well have no well contacts.

8. The circuit of claim 1, wherein the circuit includes electrical interconnections between (i)

the biasing circuitry and (ii) the device in the n-well and the device in the p-well, and

the circuit includes no electrical interconnections between (i) the biasing circuitry and (ii)

the n-well and the p-well.

9. The circuit of claim 1, wherein the device in the n-well is a p-type transistor.

10. The circuit of claim 1, wherein the device in the p-well is an n-type transistor.

11. An integrated circuit, comprising:

a substrate;

a p-well in the substrate;

an n-type transistor in the p-well, including an n-type source and an n-type drain in the p-

well;

electrical interconnections between biasing circuitry and each of: the p-well, the n-type

source, and the n-type drain; and



the biasing circuitry, wherein during operation of the n-type transistor, the biasing

circuitry applies a bias voltage arrangement to the electrical interconnections, the bias voltage

arrangement including:

a source voltage applied to the n-type source;

a drain voltage applied to the n-type drain; and

a well voltage applied to the p-well, the well voltage being intermediate between

the source voltage and the drain voltage.

12. The circuit of claim 11, wherein the bias voltage arrangement includes a forward bias

applied to the p-well with respect to at least one of the n-type source and the n-type drain.

13. An integrated circuit, comprising:

a substrate;

an n-well in the substrate;

a p-type transistor in the n-well, including a p-type source and a p-type drain in the n-

well;

electrical interconnections between biasing circuitry and each of: the n-well, the p-type

source, and the p-type drain; and

the biasing circuitry, wherein during operation of the p-type transistor, the biasing

circuitry applies a bias voltage arrangement to the electrical interconnections, the bias voltage

arrangement including:

a source voltage applied to the p-type source;

a drain voltage applied to the p-type drain; and

a well voltage applied to the n-well, the well voltage being intermediate between

the source voltage and the drain voltage.

14. The circuit of claim 13, wherein the bias voltage arrangement includes a forward bias

applied to the n-well with respect to at least one of the p-type source and the p-type drain.

15. An integrated circuit, comprising:

a substrate;

an n-well in the substrate;



a p-type transistor in the n-well, including a p-type source and a p-type drain in the n-

well;

a p-well in the substrate;

an n-type transistor in the p-well, including an n-type source and an n-type drain in the p-

well;

electrical interconnections between biasing circuitry and each of: the n-well, the p-type

source, the p-type drain, the p-well, the n-type source, and the n-type drain; and

the biasing circuitry, wherein during operation of the p-type transistor and the n-type

transistor, the biasing circuitry applies a bias voltage arrangement to the electrical

interconnections, the bias voltage arrangement including:

a first source voltage applied to the n-type source;

a first drain voltage applied to the n-type drain;

a first well voltage applied to the p-well, the first well voltage being intermediate

between the first source voltage and the first drain voltage;

a second source voltage applied to the p-type source;

a second drain voltage applied to the p-type drain; and

a second well voltage applied to the n-well, the second well voltage being

intermediate between the second source voltage and the second drain voltage.

16. The circuit of claim 15, wherein the bias voltage arrangement includes a forward bias

applied to the p-well with respect to at least one of the n-type source and the n-type drain.

17. The circuit of claim 15, wherein the bias voltage arrangement includes a forward bias

applied to the n-well with respect to at least one of the p-type source and the p-type drain.

18. The circuit of claim 15, wherein the first well voltage applied to the p-well and the

second well voltage applied to the n-well are equal.

19. The circuit of claim 15, wherein the first well voltage applied to the p-well and the

second well voltage applied to the n-well are different.
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