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A SEMICONDUCTOR DEVICE COMPRISING AN IN-CHIP ACTIVE HEAT TRANSFER
SYSTEM

FIELD OF THE PRESENT DISCLOSURE

The present disclosure generally relates to the field of fabricating integrated

circuits, and more particularly relates to temperature management in 3-D devices.

DESCRIPTION OF THE RELATED ART

In modern integrated circuits, a very high number of individual circuit elements,
such as field effect transistors in the form of CMOS, NMOS, PMOS elements,
resistors, capacitors, and the like are formed on a single chip area. Typically,
feature sizes of these circuit elements are continuously decreasing with the
introduction of every new circuit generation, thereby resulting in currently available
integrated circuits formed by volume production techniques with critical dimensions
of 50 nm or less and having an improved degree of performance in terms of speed
and/or power consumption. Hence, the reduction in size of transistors is an
important aspect in steadily improving device performance of complex integrated
circuits, such as CPUs. The reduction in size is commonly associated with an
increased switching speed, thereby enhancing signal processing performance at

transistor level.

In addition to the large number of transistor elements a plurality of passive circuit
elements, such as capacitors, resistors, interconnect structures and the like are
typically formed in integrated circuits as required by the basic circuit layout. Due to
the reduced dimensions of the active circuit elements, not only the performance of the
individual transistor elements may be increased, but also their packing density may be
improved, thereby providing the potential for incorporating increased functionality into a
given chip area. For this reason, highly complex circuits have been developed, which may
include different types of circuits, such as analog circuits, digital circuits and the like,

thereby providing entire systems on a single chip (SoC).
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Although transistor elements are the dominant circuit element in highly complex integrated
circuits which substantially determine the overall performance of these devices, other
components such as capacitors and resistors and in particular a complex interconnect
system or metallization system may be required wherein the size of these passive circuit
elements may also have to be adjusted with respect to the scaling of the transistor elements

in order to not unduly consume valuable chip area.

Typically, as the number of circuit elements, such as transistors and the like, per unit area
may increase in the device level of a corresponding semiconductor device, also the number
of electrical connections associated with the circuit elements in the device level increases,
typically even in an over-proportional manner, thereby requiring complex interconnect
structure which may be provided in the form of metallization systems including a plurality of
stacked metallization layers. In these metallization layers, metal lines, providing for the
inner level electrical connection, and vias, providing for intra level connections, may be
formed on the basis of highly conductive metals, such as copper and the like, in
combination with appropriate dielectric materials so as to reduce the parasitic RC (resistive
capacitive) time constants, since in sophisticated semiconductor devices typically signal
propagation delay may substantially be restricted by the metallization system rather than
the transistor elements in the device level. However, expanding the metallization system in
the height dimension so as to provide for the desired density of interconnect structures may
be restricted by the parasitic RC time constants and the constraints imposed by the material
characteristics of sophisticated low-k dielectrics. That is, typically a reduced dielectric
constant is associated with reduced mechanical stability of these dielectric materials,
thereby also restricting the number of metallization layers that may be stacked on top of
each other in view of yield losses during the various fabrication steps and the reduced
reliability during operation of the semiconductor device. Thus, the complexity of
semiconductor devices provided in a single semiconductor chip may be restricted by the
capabilities of the corresponding metallization system and in particular by the
characteristics of sophisticated low-k dielectric materials, since the number of metallization

layers may not arbitrarily be increased.

For this reason it has also been proposed to further enhance the overall density of circuit

elements for a given size or area of a respective chip package by stacking two or more
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individual semiconductor chips, which may be fabricated in an independent manner,
however with a correlated design so as to provide in total a complex system while avoiding
many of the problems encountered during the fabrication process for extremely complex
semiconductor devices on a single chip. For example, appropriately selected functional
units, such as memory areas and the like, may be formed on a single chip in accordance
with well-established manufacturing techniques including the fabrication of a corresponding
metallization system, while other functional units such as a fast and powerful logic circuitry
may be formed independently as a separate chip wherein, however, respective interconnect
systems may enable a subsequent stacking and attaching of the individual chips so as to
form an overall functional circuit, which may then be packaged as a single unit. in other
cases power circuitry operated at moderately high voitages and having a high power
consumption may be combined with sensitive control circuits, wherein both functional units
may be provided in separate chips. Thus, a corresponding three-dimensional configuration
may provide for increased volume density of circuit elements and metallization features with
respect to a given area of a package, since a significant larger amount of the available
volume in a package may be used by stacking individual semiconductor chips. Although
this technique represents a promising approach for enhancing volume packing density and
functionality for a given package size for a given technology standard while avoiding
extremely critical manufacturing techniques, for instance in view of stacking a large number
of highly critical metallization layers, the heat management of these 3-dimensional chip
arrangement may be difficult, in particular when high power consuming chips are included,

as will be described with reference to Fig 1.

Fig 1 schematically illustrates a cross-sectional view of a three-dimensional semiconductor
configuration 100 according to a typical conventional architecture. In the example shown,
the three-dimensional device 100 comprises a first semiconductor chip 110, which is to be
understood as a chip including circuit elements based on a semiconductor material, such as
silicon and the like. The first semiconductor chip 110 may comprise a substrate 111, for
instance a semiconductor material, such a as a silicon material, or any other appropriate
carrier material, such as glass and the like. Furthermore, a device layer 112 may be
provided above the substrate 111, which may comprise a plurality of semiconductor-based
circuit elements, such as transistors, capacitors, resistors and the like, as is required for
obtaining the desired electrical functional behaviour of the chip 110. For convenience, any

such circuit elements are not shown in Fig 1. Additionally, the chip 110 may comprise a
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metallization system 113, which may include one or more metallization layers so as to
establish the electrical connections between the circuit elements in the device layer 112.
Moreover, the metallization system 113 may provide an appropriate interconnect structure
so as to enable an electrical connection to a second chip 120 that is attached to the first
chip so as to form a three-dimensional chip configuration, thereby significantly enhancing
the volume packing density of circuit elements for a given package volurﬁe, as discussed
above. For instance, corresponding interconnect structure may be provided in the form of
vias 113a, which may extend through the metallization system 113 and may directly
connect to the device level 112, if required. Similarly, the second chip 120 may comprise a
substrate 121, such as a silicon material or any other appropriate carrier material for
forming thereon an appropriate semiconductor material, for instance in the form of silicon, in
order to define a device level 122, in and above which corresponding circuit elements may
be provided. Furthermore, a metallization system 123 may be provided “above” the device
level 122 and may comprise one or more metallization layers for providing for the required
electrical connections of the circuit elements in the device level 122 and an appropriate
contact structure for connecting to the first chip 110. For example, the chips 110 and 120
may comprise appropriate bump structures on the basis of which an electrical connection
may be established, thereby also attaching the chip 120 with a chip 110 in a mechanically
reliable manner. For this purpose, the metallization system 123 may also comprise
appropriate  bumps or other contact elements (not shown) in combination with
corresponding vias 123a for establishing the chip to chip connections. It should be
appreciated that attaching the chips 110 and 120 by means of the corresponding
metallization systems 113, 123, respectively, may be one of a plurality of possibilities. For
example, if the number of chip to chip connections is moderately low, the chip 120 may be
attached to the chip 110 by means of the substrate 121, wherein corresponding through
hole vias may establish the electrical connection from the metallization system 113 to the
device layer 122 of the chip 120. On the other hand, the metallization system 123 is then
available for connecting to a carrier substrate 130, which may be attached to the chip 120,
thereby allowing a moderately complex electrical interconnection system from the chip 120
to the carrier substrate 130, which in turn may provide for electrical connection to the
periphery (not shown). In still other cases, the substrates 111 and 121 may be attached to
each other on the basis of corresponding through hole vias for establishing the required
chip to chip connections, while the corresponding metallization systems 113 and 123 may

be available for connecting to further chips, carrier substrates and the like, when a three-
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dimensional configuration of increased complexity is required. Furthermore, as shown in
Fig 1, the device 100 may comprise a heat sink 140 that is attached to the carrier substrate
130 and may provide an increased surface area for forced or natural convection of air. In
other cases, the heat sink may include sophisticated liquid-based cooling systems or may

comprise electrically active cooling systems, such as Peltier elements and the like.

Typically, the semiconductor device 100 as shown in Fig 1 may be formed on the basis of
well-established process techniques including the formation of the chips 110 and 120 by
using typical manufacturing techniques of semiconductor devices. That is, the chips 110
and 120 may be formed on dedicated wafers by performing a plurality of manufacturing
steps for fabricating circuit elements in the corresponding device levels 112, 122, followed
by manufacturing techniques for fabricating the corresponding metallization systems 113
and 123, wherein also appropriate process steps are included so as to provide the vias
113a, 123a for establishing the chip to chip connection in a later manufacturing phase.
After completing the basic conductor chips, the corresponding carrier wafers may be
separated into single chips, thereby providing a plurality of chips 110 and a plurality of chips
120. Thereafter, the chips 110, 120 may be aligned to each other and may be connected,
for instance using an adhesive, a corresponding bump structure including, for instance, a
solder material, which may be reflowed so as to establish an electrical connection and also
mechanically adhering the chip 110 to the chip 120. Similarly, the carrier substrate 130
may be attached to the resulting stacked chip configuration and finally the heat sink 140
may be installed. It should be appreciated that the process may involve a plurality of
additional well-established packaging techniques, for instance encapsulating the chips 110,

120 after attaching to the carrier substrate 130.

During operation of the device 100 in the stacked configuration, heat is generated, for
instance substantially within the corresponding device levels 112 and 122 due to the
operation of the corresponding circuit elements, for instance in the form of transistors,
resistors and the like. Depending on the specific configuration, frequently a chip with
moderately high power consumption may be provided within the device 100, wherein a
corresponding enhanced thermal connection to the heat sink 140 may be required so that
the allowable operating temperature within the device levels 112 and 122 may not be
exceeded. Thus, conventionally it is difficult to provide an efficient heat dissipation for any

intermediate chips, in particular if more than two individual chips are provided within the
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device 100, so that the increase in volume packing density may frequently not be
compatible with the available heat dissipation capabilities of conventional stacked chip
configurations. Thus, due to the reduced heat dissipation capabilities of the individual chips
in the configuration 100, significant constraints with respect to overall complexity and thus
power consumption of the corresponding individual chips as well as for their spatial
arrangement within the three-dimensional configuration may be imposed, thereby reducing
overall performance and efficiency of the conventional three-dimensional chip

configurations.

In view of the situation described above, the present disclosure relates to devices and
methods for enhancing the temperature management in three-dimensional chip
configurations, while avoiding or at least reducing the effects of one or more of the

problems identified above.

SUMMARY OF THE DISCLOSURE

Generally, the present disclosure relates to semiconductor devices and techniques
in which the heat dissipation capabilities in semiconductor chips and in particular in
three-dimensional stacked chip configurations may be enhanced by providing chip
internal active heat transfer capabilities so that a current driven heat transfer may
be established within a chip and also within a stacked chip configuration. Hence,
overall volume packing density of three-dimensional semiconductor devices may be
increased for a given package volume since, if desired, the corresponding active
heat transfer systems may be incorporated together with functional circuits on one
or more semiconductor chips. In other illustrative aspects disclosed herein the chip
internal heat transfer may be enhanced by the current driven heat transfer systems,
which may also provide for enhanced performance since corresponding heat
transfer systems may be positioned strategically in the vicinity of “hot spot” areas,
thereby locally relaxing constraints with respect to packing density and/or operating
speed in temperature critical circuit portions. Moreover, by providing active heat
transfer systems heating and cooling function may readily be provided for
temperature critical areas, for instance enhanced cold temperature behaviour may

be accomplished, for instance on powering up a system wherein activation of
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temperature critical circuit portions may be delayed until an appropriate operating
temperature is achieved. In other illustrative aspects the current driven heat
transfer system may also be used for temperature monitoring tasks in which the
temperature dependent voltage generated by the current driven heat transfer
system may indicate a temperature difference of respective temperature reservoirs
thermally connected to the heat transfer system. For example, an efficient
temperature monitoring may be accomplished within a stacked chip configuration

on the basis of the heat transfer system.

One illustrative stacked chip configuration disclosed herein comprises a first chip
comprising a first substrate and first device features formed above the first
substrate. Furthermore, a second chip is positioned above the first chip and
comprises a second substrate in second device features formed above the second
substrate, wherein at least some of the second device features form a current
driven heat transfer system. Moreover, the stacked chip configuration comprises a
heat sink located above the second chip and thermally coupled to the current driven

heat transfer system.

One illustrative semiconductor device disclosed herein comprises a substrate and
device features formed on the basis of the substrate. The device features form an
electric circuit representing a current driven heat transfer system that is configured
to provide at least one of a heating effect and a cooling effect at a specified portion

of the substrate.

One illustrative method disclosed herein relates to controlling temperature in a
semiconductor device. The method comprises providing a current driven heat
transfer system in a chip which is thermally connected to a first temperature
reservoir and a second temperature reservoir located in the chip. Furthermore, the
method comprises operating the current driven heat transfer system so as to cool
one of the first and second temperature reservoirs when the semiconductor device

is in a specified operating phase.
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BRIEF DESCRIPTION OF THE DRAWINGS

Further embodiments of the present disclosure are defined in the appended claims
and will become more apparent with the following detailed description when taken

with reference to the accompanying drawings, in which:

Fig 1 schematically illustrates a cross-sectional view of a conventional three-

dimensional chip configufation with restricted heat dissipation capabilities;

Fig 2a schematically illustrates a cross-sectional view of a semiconductor device in
which a chip internal active, ie. current driven, heat transfer system may be
provided in the substrate and/or the device level of the semiconductor device

according to illustrative embodiments;

Fig 2b schematically illustrates a cross-sectional view of a semiconductor device in
which a chip internal active heat transfer system may be provided, at least partially,
in the metallization system of the semiconductor device according to still further

illustrative embodiments;

Fig 2c schematically illustrates a cross-sectional view of a stacked chip
configuration including a plurality of individual chips, at least some of which include
an active heat transfer system so as to enhance the overall vertical heat transfer
within the three-dimensional chip configuration according to illustrative

embodiments; and

Fig 2d schematically illustrates a stacked chip configuration including a chip
internal current driven heat transfer system which may additionally be connected to
a control system for enhanced temperature monitoring and/or to a voltage converter
that is configured to provide supply voitage to a supply voltage source on the basis

of a thermally induced voltage according to yet other illustrative embodiments.
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DETAILED DESCRIPTION

While the present disclosure is described with reference to the embodiments as
illustrated in the following detailed description as well as in the drawings, it should
be understood that the following detailed description as well as the drawings are
not intended to limit the present disclosure to the particular illustrative
embodiments disclosed, but rather the described illustrative embodiments merely
exemplify the various aspects of the present disclosure, the scope of which is

defined by the appended claims.

Generally, the present disclosure relates to semiconductor devices and techniques
in which chip internal active or current driven heat transfer systems may be used so
as to enhance the heat dissipation capabilities of complex semiconductor devices,
which in some illustrative embodiments provide the possibility of establishing an
“active” thermally highly conductive path in a stacked chip configuration. For
instance, a corresponding active heat transfer system may readily be positioned in
the vicinity of a hot spot, ie. a performance driven circuit portion of the
semiconductor device, for instance a power circuit portion, a speed critical logic
circuit portion and the like wherein, in some illustrative embodiments, the
corresponding heat transfer system may be positioned in a separate chip so that
the increased heat dissipation capabilities may be positioned above or below the
temperature critical circuit portion. Furthermore, in some illustrative embodiments,
a “sequence” of heat transfer systems aligned to each other may provide for an
efficient heat dissipation, which may finally terminate in a conventional heat sink so
that overall increased thermal conductivity may be established from the
temperature critical circuit portion to the heat sink, even though one or more
separate chips may be positioned between the temperature critical circuit portion
under consideration and the final heat sink. Moreover, the provision of current
driven heat transfer systems may also provide for enhanced flexibility in operating
complex integrated semiconductor devices, since the thermal conductivity provided
by the active heat transfer systems may be enabled on demand and may also
provide for reversing the heat flow direction, thereby allowing an efficient cooling
and heating of temperature critical circuit portions, wherein the corresponding

temperature control effect may be activated depending on the overall operational
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status of the semiconductor device. For example, in many applications not only
increased heat generation during operation may be critical for proper operation of
the device but also cold temperature situations may result in incorrect operation or
initialization of complex semiconductor devices. Thus, in this case the active heat
transfer system may be used to actively heat respective circuit portions so as to
establish an appropriate operating temperature prior to actually activating the
temperature critical circuit portion. For instance, in complex CPUs the initialization
of certain circuit portions upon a power up event may be delayed until an
appropriate operating temperature is attained, thereby avoiding complex
redesigning of well-established circuit architectures in view of cold temperature
operation capability, wherein in other operating phases the heat transfer system
may then be used to monitor and/or actively dissipate heat from the temperature
sensitive device portion. Consequently, in some illustrative embodiments the active
heat transfer system may advantageously be used in three-dimensional chip
configurations, wherein in some illustrative embodiments temperature critical circuit
portions, such as performance driven circuit portions, power electronics and the like
may be used without significant redesign in view of heat dissipation capabilities or
corresponding circuit portions may be provided with increased packing density
since an efficient controllable heat dissipation capability may be positioned in close
proximity “vertically” below and/or above the temperature critical circuit portion by
incorporating the active heat transfer system into the circuit architecture of less
critical circuit portions, such as memory areas, graphic controllers and the like. In
other cases, the chip internal heat dissipation capabilities may be enhanced by
appropriately positioning the current driven heat transfer system, for instance in the
metallization level of the corresponding chip while substantially not requiring
significant redesigns in the device level or providing an even increased packing
density in the device level compared to conventional semiconductor devices, since
a more efficient redistribution of the heat generated in the device level into the
metallization system may be accomplished. Similarly, in other illustrative
embodiments, the current driven heat transfer system may in addition to or
alternatively be formed in the substrate portion of the corresponding chip if

considered appropriate.
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In other illustrative aspects disclosed herein, the temperature dependent voltage
obtained by the heat transfer system may also be used for monitoring the
temperature of specific portions, which will also be referred to herein as
temperature reservoirs that are thermally connected to the heat transfer system,
thereby allowing enhanced overall temperature management in complex
semiconductor devices, such as stacked chip configurations, since corresponding
temperature dependent information may be obtained from within three-dimensional
devices. Hence, by providing an appropriate control unit the heat transfer system
may be used as an efficient sensor system and, if required, may then be used for
effectively heating or cooling a respective one of the corresponding temperature
reservoirs. In still other illustrative embodiments the temperature dependent
voltage may be used, for instance during a more or less stable operational phase of
the semiconductor device, in order to convert at least a fraction of the generated
heat into electric energy, which may be used for supplying one or more circuit
portions of the device. For instance, appropriate DC/DC converters may be used
for adapting the voltage level obtained from the heat transfer system, acting as a
voltage source, to the required supply voltage. For instance, for a corresponding
temperature gradient of approximately 100°C or higher, a corresponding efficiency
of 3 — 4% may be obtained by a corresponding thermal electric generator so that 3
or 4% of the waste heat may be converted into usable electric energy, while still
maintaining the possibility of heating and cooling temperature critical circuit
portions, if required by change of the environmental conditions, increased power

consumption of corresponding circuit portions and the like.

With reference to Figs 2a - 2f further illustrative embodiments will now be

described in more detail, wherein also Fig 1 may be referred to, if appropriate.

Fig 2a schematically illustrates a cross-sectional view of a semiconductor device
200 in which enhanced temperature management may be accomplished by
providing a current driven heat transfer system 250. Moreover, the semiconductor
device 200 may comprise, according to illustrative embodiments, one or more
circuit portions 260, which may also be referred to as functional circuits and which
may provide the electrical function as required for the circuit layout under

consideration. For instance, the functional circuit 260 may represent digital
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circuitry, analogue circuitry, a power circuit and the like. In some illustrative
embodiments the circuit portion 260 may comprise a plurality of circuit elements,
such as field effect transistors and the like, which may form a memory circuit, a
graphic processing circuit and the like, which may be used in combination with
sophisticated logic circuitry, for instance in the form of a CPU core and the like,
which may be provided as a separate chip entity and may be combined into a three-
dimensional chip configuration with the semiconductor device 200. In other
illustrative embodiments the semiconductor device 200 may represent a “stand
alone” integrated circuit chip, which may comprise all required components for
obtaining the desired functional behaviour. The semiconductor device 200 may
comprise a substrate 201 which may be provided in the form of any appropriate
carrier material for forming thereabove the current driven heat transfer system 250
and the functional circuit portion (S) 260. For instance, the substrate 201 may
represent a semiconductor material, an insulating carrier material and the like.
Moreover, a semiconductor layer 202 may be formed above the substrate 201 and
may have any appropriate composition and crystallographic configuration as may
be required for forming therein and thereabove the system 250 and the circuit
portion 260. For instance, the semiconductor layer 202 may represent a silicon-
based layer, as may typically be used as a base material for the fabrication of
complex integrated circuits based on CMOS technology or any other conductor
fabrication technologies. In other cases, any other appropriaté semiconductor
material, such as germanium, corresponding semiconductor compounds and the
like may be used. It should further be appreciated that other components in
addition to well-established semiconductor materials, such as silicon, may be used,
for instance the semiconductor layer 202 if substantially comprised of silicon may
also include significant amounts of germanium, carbon and the like, as may be
required for the overall configuration of the device 200. In some illustrative
embodiments, the substrate 201 and the semiconductor layer 202 may form an SOl
(silicon on insulator) configuration in at least specific device areas of the device
200, when a corresponding buried insulating layer (not shown) may be positioned
so as to electrically insulate the semiconductor layer 202 from the substrate 201 in
the vertical direction. In this respect it should be appreciated that any positional
information, such as “vertical”, “horizontal”, “lateral”, “below” and the like are to be

understood as referring to a reference plane, such as an interface 201s between
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the semiconductor layer 202 and the substrate 201 or a corresponding buried
insulating layer, if provided. In this sense, the semiconductor layer 202 is

positioned above the substrate 201.

Furthermore, the semiconductor device 200 may comprise a contact level 210
which may represent a device level in which a dielectric material may be provided
so as to passivate circuit elements of the circuit portion 260, such as transistors,
capacitors and the like while also providing for electrical connection to a
metallization system 220. For this purpose, respective contact elements 211 may
be provided in the contact level 210, which may connect to respective contact areas
of circuit elements of the circuit portion 260 and to contact areas of corresponding
device features 251 of the heat transfer system 250. The metallization system 220
may comprise one or more metallization layers including respective dielectric
materials and metal lines and vias according to the overall circuit layout. For
convenience, a single metallization layer is illustrated wherein it should be
appreciated that additional metallization layers may typically be required for
appropriately connecting components of the system 250 and the circuit portion 260
and also provide for electrical connections to peripheral components in the form of
wire bond pads, solder bumps and the like, wherein also corresponding connections
to other chips may be provided when the semiconductor device 200 is to be used in
a three-dimensional semiconductor configuration, as is similarly also described with

reference to Fig 1.

The semiconductor device 200 comprising the current driven heat transfer system
250 may be formed on the basis of the following processes. After providing the
substrate 201 and the semiconductor layer 202 appropriate isolation structures (not
shown) may be formed so as to define respective active regions in the
semiconductor layer 202 and also define corresponding regions for forming the heat
transfer system 250 and the circuit portion 260. In some illustrative embodiments
manufacturing processes required for forming the heat transfer system 250 may be
performed prior to respective manufacturing processes for forming the circuit
elements of the circuit portion 260, while in other cases the components 251 of the
system 250 may be formed during and/or after fabricating the circuit elements of

the circuit portion 260. For example, the device features 251 may be provided in
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the form of different semiconductor elements 251a, 251b which may differ in the
band gap energy and the like, so as to obtain a thermal electric effect similar to a
Peltier element. For example, the components 251a, 251b may be comprised of
silicon and germanium, respectively, thereby forming thermoelectric cells in
combination with a corresponding conductive connector 251c. The component
251c may be provided in the form of a doped semiconductor material, a metal-
containing material, such as a metal silicide and the like, depending on the overall
process strategy. For example, if the device features 251 are formed prior to any
high temperature processes required for forming the circuit elements of the circuit
portion 260, corresponding materials with high temperature stability may be used,
for instance in the form of doped semiconductor materials, carbon material and the
like. In other cases, other material compositions such as bismuth and telluride may
be used, depending on the overall process strategy. The device features 251 may
be formed on the basis of appropriate implantation, etch, deposition techniques, by
for instance forming the connector elements 251c by implantation followed by
etching respective trenches into the semiconductor layer 202, which may
subsequently be coated with an insulating material on the sidewall portions thereof,
followed by the deposition of the desired fill material. During the deposition
process, other trenches requiring a different fill material may be masked and may
be filled after the removal of any excess material deposited during the previous fill
process. In other cases, respective trenches for one type of fill material may be
formed first and may be filled, followed by a further etch and deposition cycle for
the other type of fill material. It should be appreciated that the device features 251
may also be formed so as to extend into the substrate 201, even if the circuit
portion 260 is to be formed on the basis of an SOI architecture. In this manner, a
high vertical thermal conductivity may be accomplished for the heat transfer system
250, even if other areas of the semiconductor device 200 are formed on the basis
of a buried insulating layer, which may typically reduce the efficiency of a vertical
thermally conductive path. During the corresponding manufacturing sequence, if
required, the device region corresponding to the circuit portion 260 may be masked
if a corresponding influence of manufacturing processes is considered
inappropriate. In other cases at least some manufacturing steps may be
performed, currently with respective manufacturing processes used for forming the
circuit elements of the circuit 260. Thereafter, corresponding manufacturing
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processes may be performed so as to provide the circuit elements, such as
transistors, capacitors resistors and the like for the circuit portion 260 while
masking the device region corresponding to the system 250, if required. The circuit
elements of the circuit 260 may be formed on the basis of any appropriate process
strategy, depending on the architecture of the corresponding circuit elements, such
as CMOS technology and the like. After completing the basic configuration of the
circuit elements, the contact level 210 may be formed in accordance with well-
established techniques, ie. by depositing any appropriate dielectric materials and
forming therein the contact elements 211, thereby also connecting the device
features 251 as required for the overall operational behaviour of the system 250.
Next, the metallization system 220 may be formed by well-established process
techniques wherein also in the metallization system 220 respective interconnect
structures may be provided so as to establish the required wiring layout for
appropriately connecting the circuit elements of the portion 260 and the device
features 251 of the heat transfer 250. For instance, as indicated in Fig 2a,
respective metal lines 221 may establish a series connection of individual thermo
electric cells, each of which may be comprised of components 251a, 251c, 251b so
that a plurality of these basic thermo electric cells may electrically be connected in
series, while a “thermally parallel” connection may be established in which two
different temperature levels or reservoirs may be defined. That is, a first
temperature reservoir or level 252 may be defined by the substrate 201 in
combination with the semiconductor layer 202, since a corresponding substantially
uniform lateral heat distribution capability in this area may provide for substantially
the same temperature at the interfaces between the connecting elements 251c and
the corresponding components 251a, 251b. A vertically oppositely arranged
temperature reservoir 253 may be defined by the corresponding portion of the
metallization system 220, possibly in combination with the contact level 210, since
also in this case a substantially high degree of temperature uniformity in the lateral
direction may be obtained due to the material characteristics of the reservoir 253.
Consequently, upon establishing a current flow in the system 250, for instance as
indicated by the arrow 254, a temperature gradient may be established between the
temperature reservoirs 252 and 253, depending on the overall configuration of the
system 250. That is, in one current flow direction heat may be conveyed from the

reservoir 252 to the reservoir 253, while for the opposite current flow direction heat
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may be transferred from the reservoir 253 to the reservoir 252. Thus, if a cooling
effect is required at the reservoir 252, a corresponding current flow may be
established so as to dissipate heat from the semiconductor layer 202 and/or the
substrate 201 into the metallization system 220. This may be advantageous when,
for instance, a significant amount of heat may be produced by the circuit 260, which
may not efficiently be conducted into the metallization system 220, for instance if
sophisticated low-k dielectric materials are used, which may not provide for the
required heat dissipation capabilities. In other cases heat may efficiently be
transferred from the metallization level 220 and the contact level 210 into the
semiconductor layer 202 and the substrate 201, which may be advantageous if the
circuit portion 260 is formed above a buried insulating layer, while the device
features 251 may extend beyond the corresponding buried insulating layer and into
deeper areas of the semiconductor layer 202 and/or the substrate 201. Thus, also

in this case enhanced temperature control of the circuit 260 may be accomplished.

In still other illustrative embodiments, the heat transfer system 250 may be used for
establishing an efficient vertical thermally conductive path in a three-dimensional
chip configuration, wherein the system 250 may be positioned so as to laterally
correspond to a temperature critical circuit portion that may be provided in a

separate chip or layer, as will be described later on in more detail.

Fig 2b schematically illustrates the semiconductor device 200 according to further
illustrative embodiments in which, in addition to or alternatively to, the heat transfer
system 250 as shown in Fig 2a, a heat transfer system 270 may be formed in the
metallization system 220 and possibly in the contact level 210, depending on the
overall process and device requirements. In the embodiment shown, the system
270 may comprise one or more thermoelectric elements 275 wherein only one is
illustrated in Fig 2b for convenience. The basic thermoelectric cell 275 may
comprise corresponding device features 271a, 271b, which may represent materials
of different thermoelectric behaviour, such as different metals such as copper in
combination with constantan, or which may represent different semiconductor
materials and the like. Furthermore, a connecting element 271c may be provided
so as to electrically connect the components 271a, 271b wherein the connecting

element 271c may be comprised of the same material as one of the components
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271a, 271b or may have formed therein a corresponding interface between the two
different materials as also used in the components 271a, 271b or the connecting
element 271c may be comprised of any other material in order to establish the
electrical connection required. Thus, in some cases, the thermoelectric cell 275
may be considered as a thermocouple comprising appropriate different metal
materials, while in other cases typical materials as may be used for Peltier
elements may be provided so as to form the basic thermoelectric cell 275. It should
be appreciated that the metallization system 220 may further comprise appropriate
additional metal features 221 in order to electrically connect a plurality of cells 275,
as is also previously explained with reference to the heat transfer system 250 in the

device level.

The heat transfer system 270 positioned in the metallization system 220 may be
formed on the basis of process techniques that may also be used for other device
features in the metallization system 220. For instance, corresponding trenches
may be etched into the corresponding dielectric materials of the respective
metallization layers and may be filled with an appropriate material, such as copper,
possibly in combination with a barrier material and with constantan, ie, a copper tin
alloy, wherein well-established process techniques such as electrochemical
deposition in combination with sputter deposition and the like may be used. In
other cases, separate deposition processes may be performed in order to fill in an
appropriate material, such as different semiconductor materials and the like, as
previously described, wherein other device areas of the metallization system 220
may be protected on the basis of an appropriate masking regime. It should be
appreciated that the heat transfer system 270 may also be positioned so as to
provide for enhanced heat transfer capabilities with respect to the circuit 260 or
with respect to external circuit portions that may be provided in separate
semiconductor chips and which are to be used in a three-dimensional stacked chip
configuration, as will be described later on. Thus, similar as that described with
reference to the system 250, upon establishing a current flow through the cell 275
and any other cells electrically connected in series or parallel thereto, a
temperature gradient may be established between a first temperature zone or
reservoir 272 and a second temperature zone or reservoir 273, depending on the

current flow direction.



WO 2010/037474 18 PCT/EP2009/006689

Fig 2c schematically illustrates a stacked chip configuration 280 which may
comprise a plurality of chips or semiconductor device 200, 200a, 200b which may
be attached to a package substrate 232, which may represent any appropriate
carrier material for accommodating a plurality of semiconductor chips and providing
for respective contact pins and the like, so as to connect to peripheral components
such as a printed wiring board and the like. For example, the semiconductor device
or chip 200b may represent a first chip of the stacked configuration 280 and may be
attached to the carrier material 232 on the basis of any appropriate contact regime,
such as any appropriate adhesives, bump structures and the like, depending on the
overall device requirements. In the embodiment shown the semiconductor device
200b may comprise a temperature critical circuit portion 260b which may, for
instance, be provided in the form of a complex speed critical logic circuitry, such as
a portion of a CPU core and the like. Thus, the circuit portion 260b may represent
a device region including sophisticated transistor elements that may be provided
with a moderately high packing density and which may produce a significant
amount of heat during operation. “As is well known in sophisticated circuit designs,
so-called hot spots may occur and may represent temperature critical device
regions in which the overall power consumption may result in a significant heating,
thereby locally raising the temperature above the temperature level as encountered
in neighbouring device regions. Consequently, corresponding temperature critical
device areas may have to be redesigned so as to somewhat relax any temperature
related constraints and/or the corresponding circuit portions may be operated at a
reduced clock frequency and the like so as to reduce the overall power
consumption which may, however, result in overall reduced performance. Thus, in
some illustrative embodiments, a corresponding heat transfer system such as the
systems 250 and/or 270 of the device 200 may appropriately be positioned
vertically above the temperature critical circuit 260b in order to establish a
thermally conductive path between the temperature critical circuit portion 260b and
a heat sink 240, which may be provided on a cover 230 of a corresponding
package, wherein the cover 230 may be thermally connected to the last chip 200a
of the stack by any appropriate intermediate heat transfer material 231. In one
illustrative embodiment each of the plurality of chips 200, 200a positioned above
the first chip 200b may have formed therein an appropriately positioned heat
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transfer system, such as a system 250a, 270a, which may have any appropriate
configuration, as is for instance previously described with reference to the device
200 so as to actively establish the heat transfer path between the chip 200b and
the heat sink 240. In other illustrative embodiments a vertical alignment of the
corresponding heat transfer systems 250, 270, 250a, 270a may not be required for
each of the chips 200, 200a when a corresponding lateral heat spreading capability
within one of these chips may be considered sufficient so as to connect to an
overlying heat transfer system that may laterally be offset with respect to a lower
lying heat transfer system. Thus, depending on the overall complexity of the chips
200, 200a the corresponding heat transfer systems may be positioned so as to
substantially not interfere with a corresponding functional circuit portion that may
be provided in the corresponding chips 200, 200a. In other case, the
corresponding functional circuit portions, such as the circuit portion 260 (cf. Figs 2a
and 2b), may appropriately be redesigned or repositioned in order to appropriately
align the corresponding heat transfer system 250 and/or 270 with respect to the
temperature critical portion 260b. It should be appreciated that in other illustrative
embodiments also the chip 200b may comprise a current driven heat transfer
system, if required. Similarly, the chip 200b comprising the temperatufe critical
circuit portion 260b may be positioned at any other critical location within the stack
280, depending on the overall device requirements. In other cases, temperature
critical circuit portions may also be provided in one or more of the further
semiconductor chips 200, 200a, depending on the complexity of the device 280.
For example, the speed critical circuit 260b may correspond to a complex logic
circuit while the semiconductor chip 200 may comprise further functional
components which may extend the functionality of the circuit 260b, for instance the
circuit 260 may represent a graphic processing circuit portion and/or a memory
circuit that may be connected to the circuit 260b via appropriate electrical
interconnect structures, as is also described previously when referring to the device
100. Furthermore, the stacked chip configuration 280 may be formed on the basis
of similar process techniques, as previously described with the conventional three-
dimensional semiconductor device 100, wherein however due to the additional
active heat transfer systems 250, 270, 250a, 270a increased flexibility with respect
to designing and arranging the configuration 280 may be obtained since in general

an increased heat dissipation capability may be provided. Moreover, due to the



WO 2010/037474 20 PCT/EP2009/006689

“active” nature of the heat transfer systems provided in the stack 280, heat flow
may be reversed, for instance from the heat sink 240 to the temperature critical
circuit portion 260b, that circuit portion 260b may actively be heated which may be
advantageous in an operational phase, in which an appropriate operating
temperature may not be ensured for the circuit portion 260b. For example, when
the device 280 may be stored in a cold environment and may have to be operated,
many of the conventionally designed complex circuit portions may not properly
function since the corresponding circuits may typically be designed for a specified
temperature range. Thus, upon powering up the device 280 in a cold temperature
ambient, at least temperature critical device regions may not properly function,
thereby possibly causing a corresponding failure of the entire device 280. In this
case the non-critical features of the corresponding heat transfer systems may be
activated so as to produce heat in the vicinity of the temperature critical device
regions prior to actually activating these circuit portions. For instance, during an
initialization phase a corresponding delay of initializing temperature critical circuit
portions may be implemented whereby during that a proper operating temperature
is achieved prior to actually activating these critical device portions. In other cases
more sophisticated control regimes may be installed so as to ensure that
temperature critical circuit portions may remain within a specified temperature

range, without requiring sophisticated redesigns of existing circuit designs.

With reference to Fig 2d further illustrative embodiments will now be described in
which enhanced temperature management functionality may be obtained on the
basis of the current driven heat transfer system by using the temperature

dependent voltage created by at least some of these heat transfer systems.

Fig 2d schematically illustrates the device 280 according to illustrative
embodiments in which at least one heat transfer system, such as the system 250 as
previously explained, may be used as a “thermoelectric generator” which may
produce a temperature dependent voltage. As is well know, LT elements or
thermocouples may produce a voltage that depends on the temperature gradient
between the two different temperature reservoirs or zones, such as the temperature
reservoirs 252, 253 (cf. Fig 2a). Consequently, by connecting the heat transfer
system 250 to a control unit 290, which may for instance by provided in the form of
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a respective circuit portion within a chip 200 or any other chip within the stacked
chip configuration 280, depending on the requirements with respect to
implementing a corresponding control unit into the overall circuit layout. The
control unit 290 may further be configured to electrically connect the heat transfer
system 250 to a corresponding current source so as to force a current through the
system 250 when cooling or heating may be required. For example, if the chip
200b may create increased waste heat, a respective temperature gradient may be
established across the heat transfer system 250, which may in turn result in a
corresponding voltage that may be detected by the control unit 290. Based on this
detected voltage the control unit 290 may decide, for instance on the basis of a
predetermined threshold, whether or not a current may be flown through the system
250 so as to establish the “code side” of the system 250 adjacent to the chip 200b.
Thereafter, the current flow may be deactivated and a corresponding measurement
may be repeated so as to determine currently existing temperature gradient across
the system 250. Consequently, in this manner temperature control may be
enhanced across the entire stack 280, wherein for instance corresponding heat
transfer systems in the individual chips may be used as separate temperature
sensors and may also be activated individually so as to obtain corresponding heat
flow within the stack 280. For instance, in some operational situations it may not
be necessary to operate each of the corresponding stacked heat transfer systems,
for instance when the heat spreading capability of one intermediate chip may be
sufficient for maintaining a lower lying temperature critical chip at a specified
operating temperature so that any further heat transfer systems above this specific
semiconductor chip may not be activated. In still other illustrative embodiments,
the thermoelectric voltage produced by the heat transfer system 250 may be
supplied to one or more other circuit portions, thereby providing additional energy
which may be obtained from the waste heat “flowing” through the heat transfer
system 250. For instance, if a substantially stable operating temperature may be
established without actively driving current in the system 250 the respective
temperature gradient may thus be used for converting at least a fraction of the
thermal energy in electric energy. For this purpose a corresponding DC/DC
converter 291 may be provided so as to appropriately adapt the output voltage of
the heat transfer system 250 acting as a thermoelectric generator to the supply

voltage level required for operating one or more corresponding circuit portions. For
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instance a charge pump may be used so as to provide an up converted voltage, if
the output voltage of the heat transfer system 250 is less than the required supply
voltage. In other cases, a down converter may be used when the output voltage is
higher than a corresponding supply voltage. It should be appreciated that the
control unit 290 may be used as a supervising control entity in order to decide
whether or not the heat transfer system 250 is to be used as a thermal sensing
device, a voltage generator and/or cooler. For instance, in some cases, a
temperature gradient of approximately 100°C and higher may occur across the heat
transfer system 250, while nevertheless an operating temperature of a temperature
critical circuit may be within the specifications. In this case, active cooling may not
be required and the system 250 may be operated as a thermoelectric generator,
thereby enabling a conversion of up to 3 or 4% of the waste heat into electric

energy.

As a result, the present disclosure provides semiconductor devices and methods for
enhancing the heat transfer capabilities in semiconductor devices and in some
illustrative embodiments in stacked chip configurations by providing a current
driven heat transfer system, which may be provided in the device level and/or the
metallization system of one or more of the semiconductor chips. For this purpose
well-established materials which may also be compatible with typical conventional
manufacturing techniques for sophisticated semiconductor devices may be used so
as to form respective thermoelectric units, which may then appropriately be
operated so as to provide the desired heating and/or cooling effect. Furthermore,
the provision of active cooling/heating systems may also enable enhanced
temperature monitoring and temperature management by using the corresponding
heat transfer systems temporarily as temperature sensitive devices. In still other
illustrative embodiments the thermoelectric effect may be used for converting a
fraction of the heat energy into electric energy that may be used for supplying

corresponding circuit portions.

Further modifications and variations of the present disclosure will be apparent to
those skilled in the art in view of this description. Accordingly, the description is to
be construed as illustrative only and is for the purpose of teaching those skilled in

the art the general manner of carrying out the embodiments. It is to be understood
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that the forms shown and described herein are to be taken as the presently

preferred embodiments.
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CLAIMS

A stacked chip configuration, comprising

a first chip comprising a first substrate and first device features formed above

said first substrate;

a second chip positioned above said first chip and comprising a second
substrate and second device features formed above said second substrate, a
at least some of said second device features forming a current driven heat

transfer system; and

a heat sink located above said second chip and thermally coupled to said

current driven heat transfer system.

The stacked chip configuration of claim 1, wherein a subset of said second

device features forms a memory circuit.

The stacked chip configuration of claim 1, wherein said at least some of the
device features comprise semiconductor elements formed in a device level of

said first chip on the basis of at least two different semiconductor materials.

The stacked chip configuration of claim 1, wherein said at least some of the
device features are formed in a metallization system of said first chip on the

basis of at least two different metal materials.

The stacked chip configuration of claim 1, wherein said current driven heat
transfer system is positioned so as to be aligned to a speed critical device

region of said first chip.

The stacked chip configuration of claim 1, further comprising a control circuit
formed in said second chip and operatively connected to said current driven

heat transfer system, wherein said control circuit is configured to determine a
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thermal state of a portion of said first chip via said current driven heat

transfer system.

The stacked chip configuration of claim 6, wherein said control circuit is
configured to enable a current flow in said heat transfer system so as to at

least one of heating and cooling said portion of said first chip.

The stacked chip configuration of claim 7, wherein said control circuit is
configured to enable a current flow so as to cool said portion of said first chip

when said first chip is in a specified operating phase.

The stacked chip configuration of claim 1, further comprising at least one
further chip positioned above said second chip, wherein said at least one
further chip comprises a further current driven heat transfer system formed

by device features of said at least one further chip.

The stacked chip configuration of claim 9, wherein said further current driven
heat transfer system is aligned to said current driven heat transfer system

formed in said second chip.

The stacked chip configuration of claim 1, further comprising a heat
spreading material located between said first and second chips, wherein said
heat spreading material comprises vertical electrical connections for

connecting said first and second chips.

The stacked chip configuration of claim 1, wherein said heat spreading
material comprises device features forming another current driven heat
transfer system.

A semiconductor device comprising:

a substrate;
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20.
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device features formed based on said substrate, said device features forming
an electric circuit representing a current driven heat transfer system
configured to provide at least one of a heating effect and a cooling effect at a

specified portion above said substrate.

The semiconductor device of claim 13, further comprising a functional circuit

portion thermally coupled to said specified portion.

The semiconductor device of claim 14, wherein said functional circuit is
formed based on a second substrate that is positioned below said substrate

so as to form a stacked chip configuration.

The semiconductor device of claim 15, further comprising a second functional

circuit portion formed based on said substrate.

The semiconductor device of claim 16, wherein said second functional circuit
portion comprises at least one of a memory circuit and a graphic processing

circuit.

The semiconductor device of claim 15, further comprising a third substrate
positioned above said substrate and said second substrate, wherein a further
current driven heat transfer system is formed on the basis of said third

substrate.

The semiconductor device of claim 18, wherein said further current driven

heat transfer system is vertically aligned to said heat transfer system.

A method of controlling temperature in a semiconductor device, the method

comprising:

providing a current driven heat transfer system in a chip, said current driven
heat transfer system thermally connected to a first temperature reservoir and

a second temperature reservoir located in said chip; and
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operating said current driven heat transfer system so as to cool one of said
first and second temperature reservoirs when said semiconductor device is in

a specified operating phase.

The method of claim 20, wherein said first temperature reservoir is thermally
coupled to a temperature critical circuit portion of said semiconductor device
and wherein said first temperature reservoir is cooled when a temperature of

said temperature critical circuit portion is above a specified temperature.

The method of claim 20, wherein said first temperature reservoir is thermaily
coupled to a temperature critical circuit portion of said semiconductor device
and wherein said first temperature reservoir is heated when a temperature of

said temperature critical circuit portion is below a specified temperature.

The method of claim 20, wherein said first temperature reservoir is thermally
coupled to a temperature critical circuit portion of said semiconductor device

that is formed in a second chip.

The method of claim 20, further comprising determining a temperature of one
of said first and second temperature reservoirs by obtaining a voltage signal

from said current driven heat transfer system.

The method of claim 20, further comprising obtaining a temperature induced
voltage from said current driven heat transfer system and using said
temperature induced voltage to supply a functional circuit portion of said

semiconductor device.
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