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(57) ABSTRACT

A cooling device for integrated circuits. The device includes:
a plurality TEC cooling cells arranged in an array, wherein
each of the cells includes a controller coupled to at least one
TEC device; and a single power connector that provides
power to all the cells in the array. The controller of each cell
in the array is operable to control the at least one TEC it is
coupled to with power received from the single power
connector.
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LOCALIZED TARGETED
THERMOELECTRIC COOLING THERMAL
CONTROL OF INTEGRATED CIRCUITS
WITH SUB-DEVICE SCALE RESOLUTION

BACKGROUND OF THE INVENTION

[0001] The present disclosure relates to precise thermal
control of integrated circuits and, in particular, to using an
array of thermoelectric (TEC) devices to regulate tempera-
ture in specific locations of the circuit and how the indi-
vidual TEC devices can be configured, controlled, and
arranged.

[0002] Integrated circuits (ICs) exhibit inherent timing
changes that occur over temperature. They naturally expe-
rience temperature variations due to environmental tempera-
ture changes during operation. The resulting timing change
can cause data link failures or, in the case of timing
distribution links, increased errors in the distributed time.

[0003] One way to ensure that the IC works correctly is to
design the circuit such that timing constraints are met over
varying temperature ranges. Such an approach can require
extensive simulation and tightly constraining the design to
ensure the interface meets requirements at all temperatures.
This has proven impractical as tightly constraining the
design makes signal routing difficult, increases build costs,
and reduces yield—while still not meeting accuracy require-
ments in many cases. Conventional current state of the art
(SOA) device scale thermal management/temperature con-
trol approaches do not provide for requisite timing control
and have associated power/efficiency penalties.

[0004] Other approaches include employing tunable delay
lines to adjust the skew of signals in an interface as the
temperature changes and utilizing specialized components
to adjust signal drive strength based on temperature. Such
approaches can add complexity, and increases power con-
sumption.

[0005] Another approach includes actively cooling the
entire chip with a standard thermoelectric cooler (TEC) but
it is inefficient due to having to heat or cool the entire chip.
That is, conventional current state of the art (SOA) device
scale TEC thermal management/temperature control
approaches do not provide for requisite timing control and
have associated power/efficiency penalties.

SUMMARY OF THE INVENTION

[0006] According to one embodiment, a cooling device for
integrated circuits is disclosed. The device includes: a plu-
rality TEC cooling cells arranged in an array, wherein each
of'the cells includes a controller coupled to at least one TEC
device; and a single power connector that provides power to
all the cells in the array. The controller of each cell in the
array is operable to control the at least one TEC it is coupled
to with power received from the single power connector.

[0007] According to any prior device or as an alternative,
the device can further include one or more alignment
elements on each of the plurality of TEC cooling cells.

[0008] According to any prior device or as an alternative,
the one or more alignment elements include a tab and slot.
[0009] According to any prior device or as an alternative,

the device can further include a plurality of power contacts
on each cell.
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[0010] According to any prior device or as an alternative,
the device can further include a plurality of power lines that
extend from an edge of particular cell to the controller.
[0011] According to any prior device or as an alternative,
the device can further include a plurality of power contacts
on each cell connected to the power lines that allow power
lines on one cell to be connected to power lines on an
adjacent cell.

[0012] According to any prior device or as an alternative,
the array is disposed directly on top or under a die.

[0013] According to any prior device or as an alternative,
the controller provides a voltage to a connected TEC device
based on a temperature sensed by a sensor.

[0014] According to any prior device or as an alternative,
the plurality TEC cooling cells includes a first cell and
second cell, wherein a temperature window of the first cell
is different that the temperature window of the second cell.
[0015] According to any prior device or as an alternative,
the single power connector is connected to power rails of the
integrated circuit.

[0016] Also disclosed is an integrated circuit that includes
a die and a cooling device disposed above or below the die.
The device can be any of the above disclosed cooling
devices. The cooling device can be disposed directly on top
of'or below the die or disposed directly on top of a cover that
is disposed over or under a die.

[0017] Additional features and advantages are realized
through the techniques of the present disclosure. Other
embodiments and aspects of the disclosure are described in
detail herein. For a better understanding of the disclosure
with the advantages and the features, refer to the description
and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The subject matter which is regarded as the inven-
tion is particularly pointed out and distinctly claimed in the
claims at the conclusion of the specification. The foregoing
and other features, and advantages of the invention are
apparent from the following detailed description taken in
conjunction with the accompanying drawings in which:
[0019] FIG. 1A shows a side view an integrated circuit that
includes a cooling device as disclosed herein;

[0020] FIG. 1B shows a side view an integrated circuit that
includes a cooling device as disclosed herein;

[0021] FIG. 1C shows a side view an integrated circuit that
includes a cooling device as disclosed herein;

[0022] FIG. 2 shows an example of cooling array;
[0023] FIG. 3 shows an individual cell of a cooling array;
[0024] FIG. 4 shows one example of how cells can be
connected; and

[0025] FIG. 5 shows an example control circuit for a TEC

device that can be utilized by a controller.

DETAILED DESCRIPTION OF THE
INVENTION

[0026] Embodiments described herein utilize an array of
thermoelectric cooling (TEC) devices to cool an integrated
circuit (IC). The array can be disposed on a lid of the IC or
directly on the IC/die. Each TEC device of the array can be
individually controlled and powered based on the tempera-
ture of the IC over which it is arranged where the array could
also be disposed below the device.
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[0027] In one embodiment, the TEC device is superlattice
device. The TEC device, when powered, “pumps” heat from
the IC to ambient. In one embodiment, the TEC device may
be formed such that that application of a voltage and current
causes heat in one location to be moved to another location.
In more detail, application of a voltage V and current to the
low temperature side causes heat from to move from one
side of the TEC device to the other. The direction of the
travel is based on the polarity of the voltage and the rate is
based on the magnitude of the current.

[0028] FIG. 1A shows a high-level block diagram of an
integrated circuit package 100A where a TEC array 102
according to embodiments can be utilized. The integrated
circuit package 100A includes a die 104 and a lid 106. The
arrangement of the die and the 1lid 104, 106 is by way of
example and one skilled in the art will realize that other
particular configurations are possible. As shown, the lid 106
is above (in the Y direction in FIG. 1) the die 104. The TEC
array 102 is shown being disposed on and above the lid 106.
Of course, the lid 106 could be omitted (as shown with
circuit package 100B of FIG. 1B) or the TEC array 102
could be placed directly on the die 104 between the die 104
and the 1id 106 (as shown in circuit package 100C of FIG.
1C). In the embodiment shown in all of FIGS. 1A-1C an
optional heat sink 108 can be provided above the other
elements.

[0029] In all embodiment, the die 104 can be a single chip
or an array of chip-lets. In operation certain areas of the die
104 can have different heat build ups. This can negatively
affect operation of the die 104 as it can possibly vary the
timing/skew of the elements of the die. The array 102 can be
arranged such that it provides cooling to specific regions that
are outside of specified desired temperature ranges. Based
on the disclosure herein, the one skilled in the art will realize
that such a TEC array can hold the chip at a constant
temperature prevents any thermal skew and preserves the
accuracy of the timing interface without having to waste
power in regions that do not require cooling. Also, by
keeping the die regions in the correct temperature ranges, the
amount of simulation of any high speed electrical interfaces
can be reduced as temperature variations may not need to be
simulated over as wide a range or at all.

[0030] The die 104 can embody an FPGA or any other
type of die/chip that may need individualized cooling.
[0031] FIG. 2 shows a top view on an example TEC array
102. The TEC array 102 includes a plurality of cells 200. As
shown, each cell 200 includes multiple TEC devices 202. In
this case, each cell includes 16 devices but this number can
be varied from 1 to any desirable number. Each cell also
includes a cell controller 204. The cell controller 204 can
include inputs (now shown) that receives a signal from a
sensor (not shown) related to a temperature of the die below
each individual or a group of the TEC devices. Based on
these signals, the controller can provide voltage/current to
the TEC devices 202 to keep the die in preferred temperature
ranges.

[0032] That cell controller 204 can include power lines
210 connected to it. As shown, each cell controller 204
includes four sets of power lines 210 connected to it (e.g.,
210a, 2105, 210c¢ and 210d). Each set in this non-limiting
example can include four lines, V+, V-, ground and a
control line Vctrl as indicated in FIG. 2 and extend from the
controller to an edge of the cell or to power connector 212
that is at or near the edge of the cell. The cell controller 204
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is arranged and configured such that it can receive and pass
power on any of these sets of power lines. This can allow a
single point of power input (labeled by reference number
250) to provide power to some or all of the cells 200. This
can reduce wiring compared to prior art systems where
every cell 200 or TEC device 202 require its own wiring. By
providing four lines, any shape array can be formed from a
standard cell 200. Fewer sets of lines are contemplated and
4 is not required unless specifically called out herein.
[0033] In FIG. 2, there is a single power input 250. This
power input 250 can provide power to some or all of the cells
200 in the array 102. Herein, if specifically limited herein,
a single power input can be limited to one and only one
power input. In alternative embodiments, the single power
input 250 can provide power to some but not all of the cells
200. In such a case, the array could have two single power
inputs, each providing power to one or more cells.

[0034] FIG. 3 shows a single cell 200. The cell 200 as
above includes the controller 204 and the four sets of power
lines 210 connected to it (e.g., 201a, 2105, 210c¢ and 2104).
Each set in this non-limiting example can include four lines,
V+, V-, ground and a control line Vctrl as indicated in FIG.
3. The cell 200 includes power contacts that allow for the
power lines 201 to be connected to an adjacent cell. As
shown, and with reference to FIG. 2 as well, the power
contact 2125 allows for a connection to the power connector
212d of an adjacent cell and vice versa. Similarly, the power
contact 212q allows for a connection to the power connector
212c¢ of an adjacent cell and vice versa. The power contracts
are spring connectors in one embodiment. This allows for
the controller 204 to pass current received to either from an
adjacent cell or the single power input 250 of FIG. 2 to an
adjacent cell. In this manner, the power lines can form a
power grid or bus from which each controller can receive
power and a control signal in order to control its associated
TEC devices. The single power input 250 can be of the same
form as the power connectors 212.

[0035] To define the array 102 of FIG. 2, alignment
elements 260a/2605 can be provided at specified locations
on the cell 200. These elements can allow for easy alignment
and assembly of the cells 200 into the array 102. The
alignment elements can be, respectively, tabs and slots as
shown in more detail in FIG. 4 or another type of alignment
element. In FIG. 4, a first cell 200a is shown as having a tap
260a that can be inserted into the slot 2605 of a second,
adjacent cell 20056. In FIGS. 2 and 3 a particular configu-
ration of tabs/slots representing elements 260a/2605 is illus-
trated. Variations could be made in certain instances and the
particular configuration is but one example.

[0036] Based on the above, certain embodiments should
now be clear. In the above embodiments, each cell is
designed to be dynamically scalable to a larger grid. By
having each cell have its own controller, each cell can
provide individualized localized heating/cooling based on
the temperature of the area it overlays to provide optimized
dynamic targeted temperature control In some cases, if a
particular region of the die is within a designated tempera-
ture window, no control is needed and the individual cells
within the array only turn on when the localized temperature
exceeds or falls below the boundaries of temperature win-
dow. This also provides for significant power saving and
enhanced thermal management efficiency.

[0037] Further, forming an array of cells as described
herein with positive and negative voltages and ground
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extending to all four sides of the cell for connection to
adjacent cells enables power to be only applied to one cell
and propagated automatically to the others.

[0038] In the prior examples the controller 204 has been
illustrated as being centrally located for simplicity but this is
not a requirement.

[0039] It is noted that certain modifications can also be
provided. For example, each cell can have different tem-
perature set points (e.g., different temperature windows) to
provide thermal management flexibility over more time
critical regions. For example, a first given cell it could have
a range from O to 85 C and be arranged over a region where
the interfaces are not particularly timing dependent and a
second cell could have a window from 80 to 85 C and be
over a region of the die where temperature based timing
variations need to be minimized. By having these different
control windows, less power can be expended in the less
time critical region while still maintaining tight control over
regions where temperature based timing errors could have
more undesirable results.

[0040] With reference now to FIG. 5, according to one
embodiment, the controller 204 can include a control circuit
402 for each TEC device within its respective cell 200. Such
a circuit can include, for example, the control circuit 402 that
can receive inputs from a temperature sensor 401 such as a
thermocouple to provide temperature sensing capabilities.
FIG. 5 shows as specific temperature sensor that provides
thermocouple outputs T1 and T2 as inputs to the circuit 402
but other sensors could be used.

[0041] These inputs received from the thermocouple out-
puts T1 and T2 can be differential inputs in one embodiment
and are provided to differential amplifier 404. The output of
the differential amplifier 404 is provided to a window
comparator 406. The window comparator 406 can be formed
in any manner but as shown it includes serially connected
resistors (R1, R2, R3) connected between a control voltage
Vetrl and ground. Changing R1, R2, and R3 changes the
heat/cool set points. As illustrated, a positive and a negative
op amp 408, 410 are connected to the output of the differ-
ential amplifier.

[0042] Based on the output of the window comparator
406, a switch network 430 can be operated to provide either
no voltage, a positive voltage, or a negative voltage to cause
a TEC device 202 to pump heat in a particular direction. The
flow from the window comparator 406 to the TEC device
202 is controlled by two or more switches that form a
switching network 430. An example switching network 430
is shown in FIG. 5.

[0043] Based on the circuit shown in FIG. 5, the skilled
artisan will realize that when the temperature sensed by the
temperature sensor such as thermocouple (and as repre-
sented by the output of the differential amplifier 404) is
within an acceptable range, the outputs of positive and
negative op amps is at a logical low and no voltage is
provided to the TEC device 202 via the switching network
430. When the temperature sensed by the thermocouple is
above the acceptable level, the first switch 460 of the
switching network 430 becomes conductive and passes V+
to the TEC device 202. When the temperature sensed by the
thermocouple is below the acceptable level, the second
switch 462 of the switching network 430 becomes conduc-
tive and passes V- to the TEC device 202. Certain other
resistors are shown in FIG. 5 and can be utilized to set
current limits and bleed down voltages as needed. Based on
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the above, such a power and control circuit can allow for
directly powering and controlling the TEC device 202 using
only standard VPX rail voltages. Of course, based on this
disclosure, other circuits could be created that allow for, for
example, shifting the range up/down and varying the delta of
each range but this may require additional voltages being
provided to the controller 204.

[0044] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”
and/or “comprising,” when used in this specification, specify
the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the pres-
ence or addition of one more other features, integers, steps,
operations, element components, and/or groups thereof.
[0045] While the invention has been described in detail in
connection with only a limited number of embodiments, it
should be readily understood that the invention is not limited
to such disclosed embodiments. Rather, the invention can be
modified to incorporate any number of variations, altera-
tions, substitutions or equivalent arrangements not hereto-
fore described, but which are commensurate with the spirit
and scope of the invention.

[0046] Additionally, while various embodiments of the
invention have been described, it is to be understood that
aspects of the invention may include only some of the
described embodiments. Accordingly, the invention is not to
be seen as limited by the foregoing description, but is only
limited by the scope of the appended claims.

What is claimed is:

1. A cooling device for integrated circuits, the device
comprising:

a plurality TEC cooling cells arranged in an array,
wherein each of the cells includes a controller coupled
to at least one TEC device; and

a single power connector that provides power to all the
cells in the array;

wherein the controller of each cell in the array is operable
to control the at least one TEC it is coupled to with
power received from the single power connector.

2. The device of claim 1, further comprising one or more
alignment elements on each of the plurality of TEC cooling
cells.

3. The device of claim 2, wherein the one or more
alignment elements include a tab and slot.

4. The device of claim 1, further comprising a plurality of
power contacts on each cell.

5. The device of claim 4, further comprising a plurality of
power lines that extend from an edge of particular cell to the
controller.

6. The device of claim 5, further comprising a plurality of
power contacts on each cell connected to the power lines that
allow power lines on one cell to be connected to power lines
on an adjacent cell

7. The device of claim 1, wherein the array is disposed
directly on top or under a die.

8. The device of claim 1, wherein the controller provides
a voltage to a connected TEC device based on a temperature
sensed by a sensor.

9. The device of claim 1, wherein the plurality TEC
cooling cells includes a first cell and second cell, wherein a
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temperature window of the first cell is different that the
temperature window of the second cell.

10. The device of claim 1, wherein the single power
connector is connected to power rails of the integrated
circuit.

11. An integrated circuit comprising:

a die;

a cooling device disposed above or below the die, the

device comprising:

a plurality TEC cooling cells arranged in an array,
wherein each of the cells includes a controller
coupled to at least one TEC device; and

a single power connector that provides power to all
cells in the array;

wherein the controller of each cell in the array is
operable to control the at least one TEC it is coupled
to with on power received from the single power
connector.
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12. The integrated circuit of claim 11, further comprising
a plurality of power contacts on each cell.

13. The integrated circuit of claim 12, further comprising
a plurality of power lines that extend from an edge of
particular cell to the controller.

14. The integrated circuit of claim 11, further comprising
a plurality of power contracts on each cell connected to the
power lines that allow power lines on one cell to be
connected to power lines on an adjacent cell.

15. The integrated circuit of claim 11, wherein the cooling
device is disposed directly on top of or below the die.

16. The integrated circuit of claim 11, wherein the cooling
device is disposed directly on top of a cover that is disposed
over or under a die.



