ACTI VE THERMAL CONTROL FOR STACKED | C DEVI CES TECHNI CAL FI ELD [ 0001] This
disclosure relates to integrated circuits (1Cs). Mre specifically, the

di scl osurwonedstses7t o multi-tiered | C devices and even mrorass@eoidoscal |y to
systens and net hods for active thermal control within the nulti-tiered IC
devi ces. BACKGROUND [ 0002] In IC technollogy there is a need to stack chips
together to formnulti-tiered (3-D) IC devices (also referred to as

mul ti-layered | C devices or stacked |IC devices). One challenge that arises

when chips are stgepdEiTHERMALRCONGTRERFORSTWENEDSIC PENaeEs Thus, hot
spots could exist with little ability to nmove the heat away fromthe heat

source. Because of the reduced size of stacked ICs, (substrate thickness
going from 100 nicrons to about GIEHOHMEALAZELDt he power density rises
while lateral thermal conductivity is reduced. [0003] One rret hod f or
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stacked | Clysxptees W@Bﬂ%fpﬁaﬁmetthm ponfrol withi fi-tigied Ibeteiceh each

pair of stacked tiers. Oxide, being xxr@RbUNISr "™l conductor, adds to the
heat di ssipation problem [0005] There are several approaches for

addressing the thermal conductivity issues. One approach positions a heat
conducting | ayedl0MBiween thhdCttedmelogyythéreab Iaylee¢hé<atstaclonhlimtt¢g®q1draq'é¢rm are

et 1 an e SO BLer St WA STAErel RoAh el SBRREELL 01,
inner tier depicés)s WrlcahellédgRth@farkfiewhépetipdart Gtdryd BehanHerhheBokdRBVig, t he
is reduced. Thus, hot spots could exist with little ability to move the heat away from the
heat source. Because of the reduced size of stacked ICs, (substrate thickness going from
100 microns to about 6-50 microns), the power density rises while lateral thermal
conductivity is reduced.

[0003] One method for increasing lateral thermal conductivity is to
increase the substrate thickness. This, in turn, negatively impacts the desired form
factor of the stacked IC device and degrades performance.

[0004] An additional challenge exists when more than two tiers are
stacked. In such situations, the stacked IC device may contain multiple layers of oxide,
one between each pair of stacked tiers. Oxide, being a poor thermal conductor, adds to
the heat dissipation problem.

[0005] There are several approaches for addressing the thermal
conductivity issues. One approach positions a heat conducting layer between the tiers.
Typically, heat conducting layers are metallic and thus could interfere with inter-layer
electrical connections. Another approach uses Through Silicon Vias (TSVs) to move
the heat from an inner tier to a surface tier of the stacked IC device and then remove the
heat from the surface tier using traditional methods, such as positioning a high thermal
conductivity material on the surface tier. Challenges arises with such a solution. For
example, it is not always possible to position a TSV at the necessary location because of
circuitry layout requirements in the various tiers.

[0006] Another approach is to circulate cooling material through the

stacked IC device to cool the hot spots. A cooling circulation solution is costly to



heat fromthe surface tier using traditional methods, such as positioning a
hi gh thermal conductivity material on the surface tier. Challenges arises
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wi thout a further set of problenms and costs. BRI EF SU Y. [ 0007] . Ther mal
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more acti Ve, LRREr FiemOMd Qstsdevi ces within the stacked I C device. In
one enbodi nent, the control devices are thermal electric (TE) devices, such

as Peltier devices. The TE devi ceBRIER SUIMMARY sel ectively controlled to
renove or add heat as necessary to maintain the stacked I1C device within a

defi ned tenperat range .or otherw se.br.in h t.acked 1 C device to a
desired t empor att €1 The: ABerid SafsIRin i Shebif 1C G e e BlpO e B
junctions cbRahRfng Bnkhe SbaCKa el fenffominge @neor ABvis&y Wethino tHEDMEecKedeItheat
| aterally and/or vertically as desired. [0008] The foregohﬁg has outl i ned,
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claims of the invention. |t shoul d be appreciated by those skil]ed in the
art that tKé Q'tgq;f@vé%ﬂ DHRE ahg stacked IC device to a desired “temperature.  The active
temperature control elements can be P-N junctions created in the stacked IC device and
can serve to move the heat laterally and/or vertically as desired.

[0008] The foregoing has outlined, rather broadly, the features and
technical advantages of the present invention in order that the detailed description of the
invention that follows may be better understood. Additional features and advantages of
the invention will be described hereinafter which form the subject of the claims of the
invention. It should be appreciated by those skilled in the art that the conception and
specific embodiment disclosed may be readily utilized as a basis for modifying or
designing other structures for carrying out the same purposes of the present invention.
It should also be realized by those skilled in the art that such equivalent constructions do
not depart from the spirit and scope of the invention as set forth in the appended claims.
The novel features, which are believed to be characteristic of the invention, both as to its
organization and method of operation, together with further objects and advantages, will
be better understood from the following description when considered in connection with
the accompanying figures. It is to be expressly understood, however, that each of the
figures is provided for the purpose of illustration and description only and is not

intended as a definition of the limits of the present invention.



speci fic enbodi nent disclosed may be readily utilized as a basis for
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and
multi-tiered IC device having active cooling capability in accordance with the teachings

of the invention.

DETAILED DESCRIPTION

[0014] FIGURE 1 is a schematic drawing of multi-tiered IC device 10
having top tier 11 and bottom tier 12. Top tier 11 has an active circuit (face) 102 and
substrate (back) 101. Bottom tier 12 has active circuit (face) 103 and substrate (back)
104. Faces 102/103 contain connections 108 which serve to connect components (or
terminals) such a component 109 on the respective tiers. These connections are made
using connector paths, such as path 107 and a via, such as via 106

[0015] For illustrative purposes, location 110 is thermally troubled in
this embodiment. That is, location 110 is a “hot spot” that exists, or could exist, from
time to time in stacked IC device 10. A hot spot, in this context, means that as stacked
IC device 10 is operating, the temperature of the area in and around location 110 can
become undesirably higher than other portions of tier 12. Because of the stacking of tier
11 on tier 12 and, preferably, reduced thickness of each tier, the lateral heat spread in
tier 12 is reduced. In addition, air gap 111 can be formed between the tiers 11, 12
thereby reducing thermal flow upward from the hot spot.

[0016] As discussed above, there are a number of reasons to include
cooling functionality or structures within a stacked IC device. But there are also reasons
for heating a stacked IC device, or portions thereof. For example, when designing an

adaptive voltage scaling circuit, it is desirable for the entire stacked IC device to have a



substrate (back) 101. Bottomtier 12 has active circuit (face) 103 and
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across silicon t6018] FIGURE 2 shows one example of a prior art solution for relieving
heat from hot spot 110. In this solution, TSV array 200 is positioned above hot spot 110
so that the heat flowing from the hot spot 110 can be conducted through face 103, across
gap 111, through face 102 and out through vias 201. In addition to the thermal
conductivity problems, inherent with moving the heat through the various layers and
gaps, in some situations circuitry or other elements, such as element 202, can be
positioned in the heat flow path thereby reducing (and sometimes eliminating) the
effectiveness of the TSV array 200.

[0019] FIGURE 3 shows on¢ embodiment of a stacked IC device 30
having active temperature control in accordance with the teachings of the invention. A
TE device 300 includes a pair of P-N junctions. Each P-N junction includes a P-type
element 301 and N type element 302, as well as a bottom conductor 303. Depending on
which direction current flows through the P-N junction, the bottom conductor 303 can
cither attract heat or provide heat. In one embodiment, the TE device 300 is a Peltier
device. Although a pair of P-N junctions are shown, the invention is not limited to such
a configuration. Rather, more or fewer P-N junctions can be provided.

[0020] Control circuit 304 is used to establish the current flow direction
through the P-N junction. Control circuit 304 also controls current density. Circuit 304

provides selective current control to TE device 300 via an input, such as input 321. In



all eviate stress caused by tenperature differentials in the substrate.
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vi a an i npuijectfigctabwhilOplbrsIghovd ane enbodi ment, a TE devi ce 300 operates
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direction. way through the substrate of tier 11, in another embodiment, the P-N material partially
fills the substrate, with the junction being formed near the bottom conductor 303. In
this embodiment, the top portion of each via is filled by metallization, creating a contact
within the vias.

[0023] In some embodiments, the “hot spot” can be co-located in the
same layer as the cooling device thereby resulting in lateral heat displacement. In such
a situation, a horizontal trench could be constructed in the substrate to laterally transfer
the heat within the same substrate. A first portion of the trench would include P-type
material and another portion of the trench would include N-type material.

[0024] FIGURES 4A though 4G show an exemplary method of
manufacturing a multi-layered IC device having active temperature control.

[0025] FIGURE 4A shows that tier 11 is stacked with respect to tier 12
and that some locations, such as locations 401-405 in the substrate of tier 11 are filled
from top to bottom with sacrificial fill material. As will be seen, an active temperature
control element will be constructed at location 400.

[0026] FIGURE 4B shows protective material 410 covering locations
401-404 in preparation for the next step in the process. Uncovered locations 405 will
become standard TSVs as the process continues.

[0027] FIGURE 4C shows the metallization of the uncovered locations
405A by metal layer 420 to create standard TSVs 405A. Copper or any desired metal



[0021] The thermal energy from hot spot 110 passes up through faces 103 and
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current density, and current flow direction, device 300 serves to renove
heat, thereby cooling the stacked | C dewice 30. Heat sink, or other heat
transfer devices, not shown, nay be |located on the surface of tier 11
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removed from vias 401 and 403.

[0031] FIGURE 4G shows N-type thermal material deposited in

locations 401 and 403 thereby completing the formation of the temperature control
device within layer 11. Typical materials for a Peltier device are bismuth telluride,
Sb2Te3, PbTe and SiGe, but other materials, such as crystal-phonon glass or nano
material, can be used as well. Also, it is possible to use two metals in a metal to metal
junction such as Copper — Nickel. In this embodiment, Nickel fills the TSVs 401 - 404
and Copper is the standard metallization. Accordingly, every TSV 401-404 would be a
potential Peltier device. There are two advantages of this Peltier structure. The first
advantage is the masking steps for P and N type fill are removed. The second advantage
is the density of the Peltier devices is increased as one side of the TSV 401 -404 would
act as the cooling point while the other side would be the heating side. Of course heat
transport in the Z direction is improved while heat transfer in the X and Y direction
becomes more difficult.

[0032] Although the description has shown the P-type material being
deposited first and the N-type material subsequently being deposited, the order is not
critical. That is, the N-type material could be deposited first if it is more convenient.

[0033] It should be pointed out that the temperature differential created
by the circuit elements in the substrate can be used to drive a voltage. The voltage thus

created can be scavenged, for example, to drive other circuit elements as shown by
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Accordingly, every TSV 401-404 would be a )
uniformly distributed within the system. Thus, the total energy demand of the system is
increased if the Peltier device is used to move the heat. Because the TE device can
either remove or add heat depending upon current flow direction, a device could be used
to selectively heat or cool the stacked IC device (or a portion thereof).
[0035] In one embodiment, the Peltier device is an energy scavenger:
some of the heat generated by the stacked IC device operation can be recovered. The
control system can switch the Peltier device to move heat from point A to point B
(forward bias), or point B to point A (reverse bias) or scavenge heat from a temperature
difference between points A and B to power the system. The energy balance of this TE
system will depend on the efficiency of the Peltier device and the duty cycle of the
system. Thus, the Peltier device can recover some energy from the overall system,
based upon the temperature gradient within the system. In an embodiment in which
more than two tiers exist, stacked Peltier devices can be provided to improve energy
scavenging efficiency. For example, a cooling Peltier device could cool one tier,
pumping heat to an adjacent tier. The adjacent tier could use the pumped heat to
recover additional energy.
[0036] Although the present invention and its advantages have been
described in detail, it should be understood that various changes, substitutions and
alterations can be made herein without departing from the spirit and scope of the

invention as defined by the appended claims. Moreover, the scope of the present

application is not intended to be limited to the particular embodiments of the process,
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while the other side would be the heatirg side. O course heat transport in
the Z direction is inproved while heat transfer in the X and Y direction
becones nDmgaclinkf hadlfactuld) @3RIpoitibh @8 Giutich em e Cik ot Bnd8&pS AesbED e
P-type material being deposited first and the N-type material subsequently
bei ng depodha erfcifigrbionr deronesofneydinggy @lean.therﬁatvvﬁ(lslcea@heawz%wé fmlgm al
could be d i i Lot n I . I |

poi nt ed out ERr e Hahg Bleskit dhisrliSn Rp GG FEPAER, mpisPie onBiBPifof; B

el enent s | mdtle swhst madtBodsarr becpss oestatlydckisdng orolateage. beldevalepddathat t hus
created can be scavenged, for exanple, to drive other circuit elenents as
shown bycomsEem éfﬁlb a r:m;ﬁ@es%f%?ﬁ et %bftelafiatllwha.sa%r%wﬁ@a|ﬂae

ef fectivel t ' : T I i 300
W cool FR R R LR i G e eouny AR R ooy
110) becausevengan. dnesrdinglys theeippgndeeindaied afe oneridaé tdotclslp otithny theorseepsi on
into electrical energy. The net e{fect t hen woul d .be that there would be no
net cooling" p{qxfgssgga}@ PCIRBY agre Pompositigs Of MaisEasese FFRRAST 8 pei ng
returned tqibphe stacked |C device 30 el sewhere) but there would be

| ocal i zed cooling at the "hot spot”. Consequently, overall energy savings
for the stacked I C device 30 results. [0034] A Peltier device is a heat
punp that requires energy to nove heat fromone point to another. As the

di scl osed enbodi mrents have both points within the system the heat energy
is being noved froma point where it is difficult to renmove (high thermal
resistance) to a location where it is easer to renobve so the heat is nore
uniformy distributed within the system Thus, the total energy denmand of
the systemis increased if the Peltier device is used to nove the heat.
Because the TE device can



ei ther renmove or add heat dependi ng upon current flow direction, a device
could be used to selectively heat or cool the stacked |IC device (or a
portion tWwereoiiss2870035] I n one enbodi ment, the Peltier Pd@iSec@9iogsoan ener gy
scavenger: sone of the heat generated by the stacked |IC device operation
can be recovered. The control systemcar switch the Peltier device to nove
heat from point Ato point B (forward bias), or point Bto point A (reverse
bi as) or scavenge heat from a tenperatunevdi fference between points A and B
to power the system The energy bal ance of this TE systemw || depend on
the efficiency of the Peltier device and the duty cycle of the system

Thus, the Peltier d¥Ratéecleigiediscover sonme energy fromthe overall system
based upon the tenperature gradient within the system In an enbodinment in
whi ch nore thantwo tAr?§t§ck%§ﬁ(§tdevi%&@&5§dsi §I tier devices can be provided to
i nprove energy scavenging erficiency. For exanple, a cooling Peltier device
could cool one tier, punping heat to an adjacent tier. The adjacent tier
coul d use the puartpedatiegronsguctied dveegin adiic disnis amhethgymal (086 (TA)t hough t he
present inventi d, i1s .advant ages ve been descrihed in . detail, i
Phouta be drsrabe S8 derist B AR LTS PEE R TREET IR UG b it ns
can be madetrsEINdwidchedisade@aédieg fromthe spirit and scope of the

i nvention as defined by the appended cl ai ms. Mreover, the scope of the
present application is not intended to be limted to the particul ar

embodi nents of the pridestskerhiChderace ehehimalciugther conyising atilenst e abgrt er
means, nmet ggg cribed in the specification. As one of ordinary
skill in tﬁl(e%gg?t aﬁv@ﬁ%@g I'Ty appreciate fromthe disclosure of the present
i nvention, processes, machines, manufacture, conpositions of matter, neans,
met hods, or steps, pridseticksd Kxidstdeny ctaiml 2awbereinzatiEl ld dvetopednsthatedper f or m

substantiall.y.the sane, functjon or achie ubstantially the sanme. result as
She corr coptti Atk SaBEH AL ™ Bl AL AR b ot oted hna AEEor di ng to
t he presentyyidvend TRRevits Sadgikipgdidd. t he appended clains are intended to
include within their scope

4. The stacked IC device of claim 3 further comprising:

an input for receiving selective control signals for enabling said TE device.

5. The stacked IC device of claim 3 wherein said TE device comprises a

Peltier device.
6. The stacked IC device of claim 1 further comprising;:

at least one electrical connection from said TE device to an active element in
said stacked IC device so as to allow said TE device to supply power to said active

element, said power generated from thermal flow from said thermally troubled area.
7. A stacked IC device comprising:
first and second tiers, and

at least one P-N junction constructed in one of said tiers, said junction operable
for energy transfer to/from a thermally troubled location in at least one of said tiers by

selective application of current flow with respect to said junction.



such processes, nmachi nes, manufacture, conpositions of matter, neans,

nmet hods, or steps. CLAIMS What is clainmed is: 1. An stacked |IC device

conpri si YO 200%158287havi ng constructed therein active ci PCHiUuSs000d0a1 t her mal
electric (TE) device, the TE device facilitating thermal flow between a
thermally troubled area of said stackedldC device and said TE device. 2.
The stacked I C device of claim1l further conprising at | east one other tier

havi ng active cigr cui tThe d3vicd bEclain g k@ rdifsale Wicealdy trolislbdnoRatidieik @it sai d TE
device is constructed within one of said tiers and wherein said troubled

area is i nspottqreatedopshalpmenisin sid ptagkaddCevieR- sai d TE device is constructed.
4. The stacked |IC device of claim3 further conprising: an input for

recei ving sel ecty ve q‘gll@tdreQilc§§;fl\gIQﬂ§ fﬁ&{ﬂ(g%@—i%}ggi said TE device. 5. The

stacked | C device of alm erel n sal ce conprises a Peltier
device. 6. The stacked IC device of claim1l further conprising: at |east
one el ectrical conmexdféroncdiviogsaaittcTEnae\signelstfor emablog saié PelN guretibni n sai d
stacked I C device so as to allow said TE device to supply power to said

active el ement, .said.power. geperated fromtherpal flow fromsajd.thermally
froubled area. 70 JPERESIPESHE Fos kMM A gincipP dohb AT St ¢ ors.
and at | eagktvigee P-N junction constructed in one of said tiers, said
junction operable for energy transfer to/froma thermally troubl ed | ocation
in at least one of said tiers by selective application of current flow wth

respect to said ljlunctlibssesice phelageyifwghes CoMpHSIAL7 wherein said thernal ly
troubled location is a hot

at least one electrical connection from said P-N junction to an active element in
said stacked IC device to allow said P-N junction to supply power to said active
element, said power generated from energy provided from said thermally troubled

location.

12. A method for controlling undesired temperature gradients in an IC, said

method comprising:

allowing energy to flow between a thermally troubled location within said IC

and a thermal electric (TE) device constructed within said IC; and

enabling current to flow with respect to said TE device so as to selectively

control said energy flow.
13. The method of claim 12 wherein said enabling comprises:

providing current in a direction to said TE device to enable said TE device to

remove heat from said energy flow.
14. The method of claim 12 wherein said enabling comprises:

providing current in a direction to said TE device to enable said TE device to

deliver heat to said energy flow.

15. The method of claim 12 wherein said enabling comprises:



spot created by elenents in said stacked IC device. 9. The device of claim
8 further conprising: an input for receiving selective control signals for
enabl i ng wai2do9Asses7uncti on. 10. The device of clai m8 wreraispowaugdh3P- N
junction conprises a Peltier device. 11. The device of claim7 further
conprising: at |east one electrical conhéction fromsaid P-N junction to an
active elenent in said stacked IC device to allow said P-N junction to

supply power to réﬁbﬂn@@ﬁérﬁi‘ fRhESHRITE dsdice tddele sGRITEE abwdek for mvenaivay
provided fromsaid thermally troubled |ocation. 12. A nethod for

control | i ndo ampibeicleaent snpet widile gradients in an IC, said nethod
conprising: allowng energy to flow between a thermally troubled | ocation

within said IC gpd a LT - Vi t wthin said
'C "and" enabl | ng ur rant Tt o bEEh AR EE BRI BRGLRh WB T SR
sel ect i vel yaiddi dolicesat th difierapy tiéds ofva nihdti- fidred Hetévack.of cl ai m 12 wherein

sai d enabling conprises: providing current in a direction to said TE device

to enable said devj ce . tq renove heat .fromsaid energy. flo 4.. The

et hod of ol ai miT2. wbPEIdSEFamene R oBOpR Besh PGy G it i n a
di rection tsgidsfﬁgtgodl'@%ygi@e to enable said TE device to deliver heat to
said energy flow 15. The nethod of claim 12 wherein said enabling
conprises:renoving energy fromsaid TE device to enable said TE device to
del i ver power t ¢llawswHerd abfremtsaig hahspotsapepsiticouglssaidpaltrtiersddCaleviskai m 12

wherein saiggf BRI B Y ELAYRL Gt BGARAPLN aNd

enabling a thermal electric (TE) device constructed within said at least one other

tier to transfer said heat out of said multi-tiered IC device.
18. The method of claim 17 wherein said enabling comprises:
applying current to said TE device in a particular direction.
19. The method of claim 17 wherein said enabling comprises:
removing energy from said TE device.
20. The method of claim 19 further comprising;:

applying said removed energy to at least one other element constructed within

said multi-tiered IC device.
21.  An stacked IC device comprising:

at least two bonded tiers, each tier containing circuit elements constructed

therein; and

a thermal electric (TE) device constructed within at least one of said tiers for

selectively heating/cooling a particular area of one of said tiers.
22.  The stacked IC device of claim 21 further comprising:

an input for receiving current for controlling said TE device.



said TE device are in different tiers of a nulti- tiered IC device. 17. A
nmet hod of renoving heat froma hot spot in a nulti-tiered | C device, said
met hod cowpr2oewriges7al | owi ng said heat from said hot sSpoPCT@WSPELH480BT ough
said nmulti-tiered 1C device fromone tier to at | east one other tier; and
enabling a thermal electric (TE) devicelZonstructed within said at |east
one other tier to transfer said heat out of said nmulti-tiered |IC device.
18. The method of. cl aihstékRT @vicesaticthi@MAD birt@r EATPHiLiSES cordRP kyderg
current to said TE device in a particular direction. 19. The nethod of

cl ai m 17 wilatsppiralathe therasl plagfiric dapice desoncrathlostrgalenetgyyromn anaparafurpre
devi ce. 20. TR g i further conprising: applying said
renoved ené¥%€§¥gﬁ%@9ﬁg§%?ﬁ%ﬁgﬂ% her el ement constructed within said
multi-tiered 1C device. 2 1. An stacked I C device conprising: at |east two
bonded tiers, each tier containing circuit elements constructed therein;
and a thermal electric (TE) device constructed within at |east one of said
tiers for selectively heating/cooling a particular area of one of said
tiers. 22. The stacked IC device of claim2 1 further conprising: an input
for receiving current for controlling said TE device.23. The stacked IC
device of claim?2l, further conprising a control systemthat controls the
thermal electric device to generate electrical energy froma tenperature
gradient within the stacked |IC devi ce.



