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(57) Abstract: A voltage regulator for one or more dies in a multi-stack integrated circuit includes an inductor located on adie, a
voltage controller that is electrically coupled to the inductor and is also located on the die, and a capacitor that is electrically coupled
to the inductor and the voltage controller and is also located on the die. The inductor defines an interior space and the voltage con-
troller and the capacitor are located within the interior space of the inductor. The inductor can be a lateral inductor or athrough layer
via inductor. The multi-stack integrated circuit may have multiple dies. A voltage controller may be electrically coupled to each of
the dies, although it may be located on only one of the dies. Alternatively, separate voltage controllers may be electrically coupled to
each of the multiple dies and may be located on each of the respective dies.
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FULLY INTEGRATED VOLTAGEREGULATORS FOR MULTI-STACK
INTEGRATED CIRCUIT ARCHITECTURES

TECHNICAL FIELD

The disclosure relates generally to voltage regulators, and more specifically to fully
integrated voltage regulators for multi-stack integrated circuit architectures.
BACKGROUND

Integrated circuits include various circuit components that are integrated into a piece of
semiconductor material, or "die," which may be encapsulated within and secured to apackage.
Integrated circuit packaging technology has been evolving and now requires increasingly smaller
packages as the demand for greater function and smaller sized electronics increases. A package
may include one or more dies, electrically connected to one another. Packages having more than
one die are multi-chip modules (MCMs). Dies within an MCM may be positioned in a
horizontal or vertical relationship with one another, or both, and electrical connections run
between the dies within the MCM. The combination of the vertical and horizontal circuit
connection capabilities saves valuable space on the package and results in greater functionality in
less space.

Each die in an integrated circuit package requires a certain amount of power to function
properly. Required voltage rails are typically delivered to each individual die by avoltage
regulator. With the increasing number of dies in multi-stacked chip configurations, a greater
number of voltage regulators are required. Oftentimes, different dies within an MCM require
different operation voltages. 'Voltageregulators regulate the voltage, and thus the power that is
distributed to the various die layers in amulti-stacked package. Voltage regulators tend to be
physically large and take up large area. Many techniques have been developed to accommodate
for this issue, such asincluding the voltage regulator on acircuit board that supports the package
or into the package itself. These options limit speeds for the function of the components on the
die because of the physical distance between the electronic components and the voltage
regulator. Further, regulators that include on package inductors require additional space on the
package. Having multiple inductors on package might not be possible in many cases due to area
constraints.

Thus, there remains aneed for improved voltage regulation architectures for three-

dimensional integrated circuit packages.
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BRIEF DESCRIPTION OF THE DRA WINGS

Embodiments of the present invention are illustrated by way of example, and not by way
of limitation, in the drawings and in which like reference numerals refer to similar elements.

FIG. 1lisaperspective view diagram of amulti-stack integrated circuit architecture
showing multiple through silicon vias.

FIG. 2 isablock diagram of an integrated voltage regulator, according to embodiments
of the invention.

FIG. 3 isperspective view diagram of adie in an integrated circuit package thai includes
an integrated voltage regulator in an interior portion of the die, according to embodiments of the
invention.

FIG. 4 is aperspective view of adiagram of adie in an integrated circuit package that
includes an integrated voltage regulator located along aperimeter of the die, according to
embodiments of the invention.

FIG. 5isatop plan view of alateral inductor for avoltage regulator, according to aspects
of the disclosure.

FIG. 6 is aperspecti ve view of amulti-stack integrated circuit architecture with an
integrated voltage regulator, according to embodiments of the invention.

FIG. 7 isablock diagram of an electronic device in which embodiments of the invention
may be included.

DETAILED DESCRIPTION

Figure lillustrates a multi-stack integrated circuit architecture 100 with multiple through
silicon vias 102 (TSVs) extending through each of two dies 104. For clarity, the bulk of the dies
104 isnot illustrated. Any suitable number of dies 104 may be included in the stack. The
through silicon vias 102 extend through the entire thickness of each die 104 in the examples
shown ig Figure 1, although in alternative examples, one or more of the through silicon vias 102
extends partially through the thickness of the die 104. The vias 102 provide an electrical
connection between layers in the die 104 and can form portions of components or connections
between components. Although not shown in Figure 1for sake of clarity, the dies 104 may be
electrically coupled to each other by wires or other electrical connections between the dies so
that the integrated circuit may use the vertical stacks for circuit connections and components.

Figure 2 shows ablock diagram of an integrated voltage regulator 200 that regulates
voltage to one of the more the dies shown in Figure 1. The integrated voltage regulator 200 in
this example includes an inductor 202, avoltage controller 204, and a capacitor 206. The

inductor 202, the capacitor 206 and a driver/pre-driver 221 form apower stage 207. The voltage
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controller 204 controls the duty cycle of a switching clock that is electrically coupled to the
power stage. in some examples, the voltage controller 204 controls the switching clocks of
multiple power stages in multiple dies and in other examples, each die in a multi-stack package
has a dedicated voltage controller controlling the switching clock electrically coupled to the
power stage. Referring again to Figure 2, the inductor 202 is located on a die 208 of an
integrated circuit and is athrough silicon via (TSV) inductor, although it may be any other type
of through layer via inductor or alateral inductor in other configurations, as described below.
The voltage controller 204 may be amicro advanced digital voltage controller, for instance.
Other digital and non-digital voltage controllers also may be used without deviating from the
scope of embodiments of the invention. The capacitor 206 may be ametal insulated metal
(MIM) capacitor, although other types of capacitors may beused in alternative configurations.
The voltage controller 204 controls the duty cycle of the clock and the clock controls the
driver/pre-driver. The driver/pre-driver is connected to the inductor 202, which is connected to
the capacitor 206. The capacitor 206 provides afeedback connection to the voltage controller
204.

The digital voltage controller 204 is afully digital, synthesizable, inner loop for
switching frequencies in the range of 200-500 mHz per phase and enhances the returns by
presenting a completely synthesizable, scalable, and reusable block that is electrically coupled to
apower management unit (not shown in Figure 2}, which is collocated and enhances the overall
efficiency of the system. The digital voltage controller 204 defines a digital portion 212 of the
integrated voltage regulator 200 while the mductor 202, the capacitor 206, and other components
define an analog portion 214 of the integrated voltage regulator 200.

The inductor 202 includes one or more coils 216 that define an interior space 218 within
the coils 216. In some embodiments, the voltage controller 204, the capacitor 206, and the
driver/pre-driver 22} are located within the interior space 21 8 of the inductor 202 further saving
diearea. The inductor 202 is located on the die 208 and thus the voltage controller 204, the
capacitor 206 and pre-driver/driver 221 are aso located on the die 208 because they are located
within the interior space 21 8 of the inductor 202. This configuration forms afully integrated
voltage regulator 200 that is located entirely on the die 208.

Optionally, the voltage regulator 200 includes aload 220 on the die that is indicated in
Figure 2 by aresistor symbol The die load 220 may be electrically coupled in parallél to the
capacitor 206, as shown in Figure 2. This load represents any load.

Figure 3illustrates an inductor that is externally connected to adie 300. The inductor

302 in this example is located in an interior portion 304 of the die 300. in the example shown in

(9%
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Figure 3, asilicon die 306 includes bulk silicon 308 and ametal stack 310 that includes multiple
metal layers 312. The frontside of the silicon die 306 isthe exterior surface of the metal stack
portion 310 and the backside of the silicon die 306 is the surface on which a redistribution layer
3i4 issecured. In this example, the redistribution layer 316 serves to redistribute power through
the die 306 and serve as alayer through which electrical connections may be made. The bulk
silicon 308 of Figure 3 includes six through silicon vias 320, 322, 324, 326, 328, 330 that create
an electrical connection through the thickness of the bulk silicon 308. Each through silicon via
corresponds to arespective metal layer in the metal stack.

The inductor 331 shown in Figure 3 has two coils 332, 334 in this example. A first coil
332 extends along afirst 336 and a second 338 metal layer in the metal stack 310 and up through
afirst through silicon via 320 in the bulk silicon 308. The first coil 332 extends into the
redistribution layer 316 and through the redistribution layer 316 to the second through silicon via
322. The first coil 332 extends down through the second through silicon via 322 and back into
the first 336 and second 338 metal layers, thus completing aloop and defining the first coil 332.
The first coil 332 and the second coil 334 are a continuous structure, however, for clarity, they
are being discussed as distinct structures herein. The second coil 334 repeats a similar loop to
the first coil 332 through the bulk silicon 308 and the metal stack 310. The second coil 334
extends along the first 336 and second 338 metal layers of the metal stack 310 and up through a
third through silicon via 324 in the bulk silicon 308. The second coil 334 then extends into the
redistribution layer 316 to afourth through silicon via 326 and back down the fourth through
silicon via 326 to the first 336 and second 338 metal layers in the metal stack 310. Because the
first coil 332 and the second coil 334 extend into the redistribution layer 316 and only use the
through silicon vias 320, 322, 324, 326 within the bulk silicon 308 and the metal stacks 338
within the active silicon area, the portion of the active silicon die 306 within the coils 340
remains available for other components and connections, such as the voltage regulator described
above. Other configurations of the voltage regulator may include more or fewer coils of the
inductor. Regardless of the number of cails, the interior space of the inductor is defined by all of
the coils. The example inductor shown in Figures 1-3 is asolenoid with silicon as the core.

Asdiscussed above, the first coil 332 and the second coil 334 together define the interior
space 340 of the inductor 331 shown in Figure 3. An embedded power stage 342 is located
within the interior space 340 of the inductor 331 and contains the voltage controller, the
capacitor, and optionally the resistor that are described in reference to Figure 2. The embedded
power stage 342 islocated within the interior space 340 of the inductor, although in other

embodiments it may be located elsewhere on the die 306. Various solder bumps 344 are
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positioned along a contact surface 346 for connections to other components. A second set of
solder bumps 348 are positioned along the redistribution layer 316 to connect the redistribution
layer 316 to other components.

The inductor 331 and the embedded power stage 342 and voltage controller (not shown
in Figure 3) combination are positioned within the interior portion 304 of the die 306 in the
example shown in Figure 3. Figure 4 shows an example in which the voltage regulator 400 is
located along aperimeter 402 of the die 404. The voltage regulator 400 may be positioned along
any portion of the perimeter 402 of the die 404. Generally, the voltage regulator may be
positioned in any suitable portion of the die.

The inductors described above are TSV inductors that can be a single, dual, or four phase
interleaved structure, for example. Asthe value of inductance, which corresponds to an increase
in the number tarns or increase in the diameter of the coil, of the TSV inductors increases, the
equivalent series resistance (ESR) increases. Toreduce the ESR, the inductor may include
paralel TSV paths in its coils that extend through parallel TSVs, the metal layer, and the
redistribution layer, ail in aparallel fashion.

Alternatively, lateral inductors can beused in the voltage controller, such asthe lateral
inductor 500 shown in Figure 5. Although not shown for sake of clarity, the power stage may be
located beneath the space defined by the coil(s) of the lateral inductor. The lateral inductor 500
generally requires about five times the amount of area available on the die as compared to a TSV
inductor. However, amagnetic-based lateral inductor may have ahigher magnetic density and a
lower arearequirement as aresult, which makes it an alternative option for some applications.

The voltage regulators for individual dies that are described above may be incorporated
into athree-dimensional multi-stack integrated circuit. Such circuits often have multiple dies
that are electrically coupled together in avertical fashion. For example, athree-dimensional
stack may include two dies that each have an inductor that includes a coif and defines an interior
space and a capacitor that is electrically coupled to and located within the interior space of the
inductor. Inthis example, the inductor, capacitor and the driver/pre-driver combination,
sometimes referred to as apower stage, as described above, are located on the die itself. These
power stages are electrically coupled to avoltage controller that controls the duty cycle of the
switching clock, which is electrically coupled to the power stage. The three-dimensional multi-
stack may have a single voltage controller that is located on one of the dies and electrically
coupled to and controls the duty cycle of the switching clock of the power stages of multiple dies
or al of the dies in the stack. Alternatively, avoltage controller islocated on each die and is

electrically coupled with the corresponding power stage on each die. In both examples, the
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power stage may be located within the interior space of the inductor on the die on which itis
located. These dies include any suitable combination of logic dies and memory dies. in some
examples in which there is asingle voltage controller controlling the duty cycle of the switching
clocks of power stages located within multiple dies within a stack, the voltage controller is
located on the logic die of the stack and it may be located within the inductor of the logic die or
in any other suitable location on the logic die. Such a controller can also be placed elsewhere
within the stack.

Figure 6 illustrates athree-dimensional multi-stack integrated circuit architecture 600
with adistributed voltage regulator 602. The multi-stack is considered three-dimensional
because the circuit extends both horizontally on each die layer and vertically between the dies.
The multi-stack 600 shown in Figure 6 includes a single logic die 604 and four memory dies
606, although aternative configurations include any suitable number of both logic and memory
dies. In this example, the logic die 604 is on the bottom of the stack 600, although it can be
located in any other suitable location in aternative examples. The dies 604, 606 may be
electrically coupled to each other. Each die 604, 606 is electrically coupled to at least one of the
voltage regulators 602 described above. The power stage 608 of the voltage regulators 602,
which regulates the voltage rail of each die, islocated on each die itself, athough its associated
voltage controller 610 may be located on the die or on another die within the stack 600. Iu the
example shown in Figure 6, the voltage controller 610 includes multiple control circuits 612 that
control the switching clock of the various power stages located on each of the dies 604, 606
separately based on the individual die's voltage needs. One or more of the control circuits 612
may control the switching clock to multiple dies in other configurations.

Each die includes apower stage that regulates the voltage rail in each die and includes an
inductor, a capacitor, and one or more driver/pre-drivers. In the example shown in Figure 6,
each power stage 608 includes afour phase TSV inductor that has four inductors 614, four
corresponding driver/pre-drivers 616 and the corresponding capacitor 618. The ability to
regulate the voltage rail of each die independently provides granular power control over the stack
600 as awhole. This ability to control voltage rails to each of the dies 604, 606 also extends to
being able to control voltage rails distributed to any intermediate layers that are located between
the dies aswell. The power stage 608 is physically located closer to the load where the current is
delivered to provide the power, enabling faster ramp up/ramp down time for the regulator in
addition to higher efficiency.

Alternatively, avoltage controller may be included on each individual die and in

conjunction with apower stage located on each die, regulating voltage rails to each die in this
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manner. Any one or more of these voltage regulators attached to the multiple dies also may
distribute voltage rails to an intermediate layer that islocated between the dies, if one is present.
In this example, the voltage regulators operate independently of one another and may be
beneficial over the examples in which asingle voltage controller is electricaly coupled to power
stages in multiple dies.

Embodiments of the disclosed voltage regulators for multi-stack integrated circuits may
be incorporated in various types of architectures. For example, certain embodiments may be
implemented as any of or acombination of the following: one or more microchips or integrated
circuits interconnected using a motherboard, agraphics and/or video processor, a multicore
processor, hardwired logic, software stored by a memory device and executed by a
microprocessor, firmware, an application specific integrated circuit (ASIC), and/or afield
progranmable gate array (FPGA). The term "logic" asused herein may include software,
hardware, or any combination thereof.

Figure 7 illustrates an example of an electronic device 700 in which embodiments of the
disclosed technology may be implemented. The electronic device 700 may include, but is not
limited to, apersonal computing device such as a desktop or laptop computer, a mobile device
such as ahandheld or tablet computing device, amobile communications device such asa
smartphone, or an industry-specific machine such as a self-service kiosk or automated teller
machine (ATM).

The electronic device 700 includes ahousing 702, adisplay 704 in association with the
housing 702, a user interaction mechanism 706 in association with the housing 702, a processor
708 within the housing 702, and amemory 710 within the housing 702. The user interaction
mechanism 706 may include aphysical device, such asakeyboard, mouse, microphone,
speaking, or any combination thereof, or avirtual device, such asavirtual keypad implemented
within atouchscreen. The processor 708 may perform any of anumber of various operations.
The memory 710 may store information used by or resulting from processing performed by the
processor 708.

It will be appreciated that variations of the above-disclosed voltage regulators and other
features and functions, or aternatives thereof, may be desirably combined into many other
different systems, methods, or applications. Also various presently unforeseen or unanticipated
aternatives, modifications, variations, or improvements therein may be subsequently made by

those skilled in the art which also are intended to be encompassed by the following claims.
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CLAIMS
What is claimed is:
t. A voltage regulator, comprising:

an inductor that includes a coil defining an interior space, the inductor located on adie;

avoltage controller electrically coupled to the inductor and located on the die within the
interior space; and

a capacitor electrically coupled to the inductor and the voltage controller and located on
the die within the interior space.

2. The voltage regulator of claim 1, wherein the inductor comprises alateral inductor.

3. The voltage regulator of claim 1, wherein the inductor comprises athrough silicon via
inductor.

4. The voltage regulator of claim 1, wherein the die includes a bulk silicon portion and a
metal stack portion, and afirst through silicon via and a second through silicon via extending
through the bulk silicon portion, and wherein the coil of the inductor extends through the first
through silicon via and the second through silicon via

5. The voltage regulator of claim 4, wherein the metal stack includes a metal layer, and
wherein the coil extends through the first through silicon via, the metal layer, and the second
through silicon via.

6. The voltage regulator of claim 5, further comprising aredistribution layer secured to the
back side of the die

7. The voltage regulator of claim 4, wherein the coil is afirst coil and the inductor includes
asecond coil that in conjunction with the first coil defines the interior space, and wherein the
bulk silicon portion includes athird through silicon via and a fourth through silicon via, and
wherein the second coil extends through the third through silicon via and the fourth through
silicon via.

8. The voltage regulator of claim 1, wherein the voltage controller is an advanced digita
voltage controller.

9. The voltage regulator of claim 1, wherein the capacitor includes ametal insulated metal
capacitor.

10. The voltage regulator of claim 1, wherein the inductor islocated along aperimeter of the
die.

11. The voltage regulator of claim 1, wherein the inductor is located within an interior
portion of the die.

12. A voltage regulator, comprising:
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adie having abulk silicon portion and a metal stack portion, the die including afirst
through silicon via and a second through silicon vig;

aredistribution layer secured to the bulk silicon portion on the back side of the dig;

athrough silicon via inductor that inc3ides a coif defining an interior space, the through
silicon via inductor located on the die in which the coil extends through the metal stack, first
through silicon via, the redistribution layer, the second through silicon via, and back through the
metal stack;

avoltage controller electrical3y coupled to the through silicon via inductor and

a capacitor electrically coupled to the inductor and the voltage controller, and located on
the die within the interior space.

13. The voltage regulator of claim 12, wherein the voltage controller islocated on the die
within the interior space of the mductor.

14. The voltage regulator of claim 12, wherein the coil is afirst coil and the die further
includes athird through silicon via and afourth through silicon via, and the through silicon via
mductor further includes asecond coil that extends through the third through silicon via, the
metal stack, the redistribution layer, the fourth through silicon via, and the metal layer, and
wherein the first coil and the second coil together define the interior space.

15. The voltage regulator of claim 12, wherein the voltage controller is an advanced digital
voltage controller.

16. The voltage regulator of claim 12, wherein the capacitor includes ametal insulated metal
capacitor.

17. Tlie voltage regulator of claim {2, wherein the through silicon via inductor is located
along aperimeter of the die.

18. The voltage regulator of claim 12, wherein the through silicon via inductor is located
within an interior portion of the die.

19. A three-dimensional stack, comprising:

afirst die having:
afirst inductor that includes afirst coil defining afirst interior space, the first
inductor located on the first die;
afirst capacitor electrically coupled to the first inductor and located on the first
die within the first interior space;
asecond die adjacent to the first die and having:
asecond inductor that includes a second coil defining a second interior space, the

second inductor located on the second dig;
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a second capacitor electrically coupled to the second inductor and located on the
second die within the second interior space; and
avoltage controller electricaly coupled to the first die and the second die.

20. The three-dimensional stack of claim 19, wherein the first die isalogic die and the
second die isamemory die.

21. The three-dimensional  stack of claim 19, further comprising athird die having a third
inductor that includes athird coil defining athird interior space, the third inductor located on the
third die and athird capacitor electrically coupled to the third inductor and located on the third
die within the third interior space, and wherein the voltage controller is electrically coupled to
the third die.

22. The three-dimensional stack of claim 21, wherein the first die isalogic die, the second
dieisafirst memory die, and the third die is a second memory die.

23. The three-dimensional stack of claim 19, wherein the voltage controller is located on the
first die.

24. The three-dimensional stack of claim 23, wherein the first die isalogic die.

25. The three-dimensional  stack of claim 19, wherein the voltage controller controls the duty
cycle of aswitching clock that is electrically coupled to the first die and the second die.

26. A three-dimensional stack, comprising:

afirst die having;
afirst inductor that includes afirst coil defining afirst interior space, the first
inductor located on the first die;
afirst capacitor electrically coupled to the first inductor and located on the first
die within the first interior space;
asecond die adjacent to the first die having:
asecond inductor that includes a second coil defining asecond interior space, the
second inductor located on the second die;
asecond capacitor electrically coupled to the second inductor and located on the
second die withm the second interior space; and
afirst voltage controller electrically coupled to the first die; and
a second voltage controller electrically coupled to the second die.

27. The three-dimensional stack of claim 26, wherein the first die isalogic die and the
second die isamemory die.

28. The three-dimensional stack of claim 26, wherein the first voltage controller islocated on

the first die and the second voltage controller islocated on the second die.
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29. The three-dimensional stack of claim 28, wherein the first voltage controller controls the
duty cycle of the switching clock of the the first die and the second voltage controller controls

the duty cycle of the switching clock of the second die.
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