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Thermal Isolation Using Air Gap and Mechanically
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Abstract— This paper presents a set of thermal isolation
technologies to provide a measure to thermally insulate
low-power temperature-sensitive tiers from the time-varying
power dissipation of high-power tier in heterogeneous 3-D inte-
grated circuits. The proposed technologies use an air gap and
mechanically flexible interconnects (MFIs) to replace conven-
tional microbumps and underfill. A two-tier testbed is fabricated
to emulate a heterogeneous 3-D stack. The results are then
benchmarked with a standard 3-D stacking approach that is
simulated using finite-volume modeling. Compared with the
conventional approach using microbumps and underfill, a tem-
perature reduction of 35.9% can be achieved in the low-power
tier by implementing the air gap and MFIs. Four-point and daisy-
chain resistances of the MFIs are measured to verify the electrical
connectivity between the tiers during temperature cycling.

Index Terms— 3-D integrated circuits (ICs), heterogeneous
integration, thermal isolation.

I. INTRODUCTION

AKEY challenge for 3-D integrated circuits (ICs) is ther-
mal management. There are two main thermal challenges

in typical 3-D ICs. First, in a homogeneous integration of
multiple high-power tiers, a cooling solution that scales with
the number of dice in the stack is needed [1]. Second, in
heterogeneous integration, a thermal isolation solution may
be necessary to protect a low-power tier from a high-power
tier [2], [3]. While substantial research studies have focused
on heat removal within homogeneous integration with multiple
high-power tiers [4]–[7], very little effort has investigated
thermal isolation of low-power tiers from high-power tiers in
a 3-D stack.

In today’s approach to 3-D IC stacks, tiers are bonded
using microbumps along with underfill, which is applied
between tiers to alleviate the thermomechanical stress on
the solder microbumps. However, the thermal conductivity of
underfill is approximately 0.4–1.3 W/mK. This will introduce
a small thermal resistance between the two tiers and cause
thermal coupling between the tiers. The thermal coupling
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Fig. 1. Illustration of a 3-D IC application of memory-on-processor with the
proposed thermal isolation technologies to replace microbumps and underfill
with air gap and thermally degraded MFIs.

challenge is especially significant in heterogeneous integration
where high-power tiers are stacked with low-power tiers,
such as a memory-on-logic, a logic-on-silicon photonic, and
Microelectromechanical systems-on-logic chip stacks. Without
effective thermal isolation between the tiers, the thermal
coupling will cause the low-power and temperature-sensitive
tier to follow the temperature profile of the high-power
tier and, thus, leading to possible performance degradation.
For example, stacking a silicon photonic chip in a stack
adjacent to logic and memory has been explored [8], [9].
However, some key components in the photonic chip, such
as microring modulators, are sensitive to temperature fluc-
tuations. A local heater is often used to create a constant
temperature environment in a local region. Extra tuning power
is needed for the heater if the generated heat spreads to
the adjacent area because of thermal coupling. In a second
example, it has been shown that the temperature of SRAM
increases by 30 °C–40 °C [10] under the influence of adjacent
logic die, leading to undesirable leakage power increase and
performance degradation. Finally, in a DRAM-on-logic stack,
investigated in [11], the temperature of the DRAM die is close
to that of the logic although the DRAM die has much smaller
power dissipation, which indicates strong thermal coupling
between the two tiers.

Integrating an air gap or vacuum between tiers in 3-D ICs is
proposed as a solution to protect the low-power tier [3], [12].
It is shown that by integrating an air-gap layer between
the memory and the logic, the temperature of the memory
tier can be reduced by 25.7 °C [3]. However, the proposed
approach in [3] did not address thermomechanical challenges
nor reported experimental results of the thermal isolation
approach. To this end, we propose to integrate an air gap and
mechanically flexible interconnects (MFIs) to replace both the
microbumps and the underfill. Fig. 1 is an application example
of memory-on-processor where the proposed thermal isolation
technologies can be used. Unlike rigid solder microbumps,
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Fig. 2. Schematic of the designed testbed for the evaluation of the proposed
thermal isolation technologies.

Fig. 3. Schematics of the power map designs of (a) top tier (low-power tier)
and (b) bottom tier (high-power tier).

MFIs can deform elastically under stress, which helps maintain
the electrical connectivity between the memory stack and the
processor [13]. Due to this behavior, MFIs can help eliminate
the underfill and, thus, reduce the thermal coupling between
tiers. Once the memory stack is effectively thermally isolated
from the processor, it is also isolated from a cooling path
through the bottom. Thus, a thermal bridge can be attached
to the top of the stack to provide an alternative cooling
path, as previously discussed in [3]. With the combined
thermal isolation technologies and the thermal bridge, new
opportunities for improved heterogeneous system integration
and miniaturization become possible.

The goal of this paper is to demonstrate the thermal isolation
technologies using the MFIs and the air gap. A simplified
two-tier stack testbed, as shown in Fig. 2, is designed, fab-
ricated, and tested in this paper to emulate a stack of low-
power and high-power tiers. The experimental results are then
benchmarked with a standard 3-D stacking scenario that is
modeled by a finite-volume modeling method [3]. The model
is used to simulate a two-tier stack with both thermal isolation
technologies and the thermal bridge.

II. DESIGN OF THE TESTBED

Guided by the previous modeling and analysis [3], a thermal
testbed is designed, as shown in Fig. 2, to explore thermal cou-
pling and solutions. The MFIs are designed to be clustered in
the middle region to further enhance the thermal isolation [3].

The designed and fabricated testbed consists of low-power
and high-power tiers to emulate a heterogeneous 3-D stack.
The testbed is designed to emulate a memory-on-processor
application although the technologies apply to other stacks
including photonics. The microfluidic heat sink (MFHS) is
integrated in the high-power tier (bottom tier). MFIs are
used as interconnects between the two tiers (instead of
microbumps). Fig. 3(a) shows the power map and temperature
sensor designs for the low-power tier. The low-power tier

Fig. 4. Process flow for the low-power tier.

dissipates a uniform power of less than 5 W. A spiral heater is
formed over a 1-cm × 1-cm area. Nine resistance temperature
detectors (RTDs) are inserted along the middle of the chip in
order to measure temperature along the length of the chip
(in other words, these temperature sensors are designed to
capture the temperature gradient across the die). Each RTD
has dimensions of 500 μm × 88 μm and yields a resistance
of ∼200 �. Since the MFIs are clustered in the middle region,
the thermal coupling between the tiers is expected to be
nonuniform across the chip, in particular from the center to
the edges. The thermal bridge is not included in the testbed.
The cooling of the top tier is thus through natural convection,
which limits the power that can be applied to the
low-power tier.

Fig. 3(b) shows a schematic of the high-power tier. The chip
area is 1 cm × 1 cm. There are two hotspots on the chip each
measuring 1 mm × 1 mm. The hotspots are located 1.5 mm
away from the edges.

The two chips are interconnected with an array of
gold-passivated NiW MFIs. NiW is chosen as the core material
for the MFIs because of its high yield strength (up to 1.9 GPa)
and the CMOS-compatible fabrication approach through
electroplating [13]. The array contains 12×100 MFIs yielding
a total of 1200 MFIs. This number is chosen based on the
wide I/O specifications [14]. The MFI design has a
pitch of 75 μm × 100 μm. The entire MFI array is
9940 μm × 870 μm. Four-point and daisy-chain resis-
tance measurements of 38 MFIs are designed and integrated
into the layouts to enable postassembly electrical resistance
verification.

III. TESTBED FABRICATION AND TEST SETUP

A. Testbed Fabrication

The process flows for the two tiers (low-power and
high-power tiers) are discussed in this section. For the low-
power tier, the process begins with a double side-polished,
300-μm-thick Si wafer (Fig. 4). The bottom side of the
wafer has 0.2-μm-thick Si3N4 for MFIs formation, and the
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Fig. 5. Images of (a) parts of the RTD array and (b) pad of the RTD.

Fig. 6. Images of (a) MFIs electroplated on top of the polymer dome, (b) free
standing MFIs after dome removal, (c) SEM of the MFI array from top, and
(d) side view of the MFIs.

top side has 2-μm-thick SiO2 for heater and temperature
sensor formation. Next, 0.2-μm-thick Pt-based heaters/RTD
are formed on the top side using liftoff. Fig. 5 shows the nine
RTDs and the RTD pads on the top die. The next step is
to deposit 0.5-μm-thick gold pads above the Pt RTD contact
pads. The gold pads facilitate wire bonding, which is needed
during testbed assembly. The sample is next flipped over for
MFI-related processes. SPR220 is spun and patterned to form
sacrificial squares. The squares then undergo a reflow process
to form a dome structure with a height of 20 μm [15].
The wafer is then placed in an NiW electroplating solution
to electroplate the MFIs to a thickness of 4.5 μm. After
removing the sacrificial polymer dome beneath the MFIs, the
MFIs become freestanding. Fig. 6(a) shows the NiW MFIs
electroplated above the sacrificial dome. The last fabrication
step for the low-power tier is to passivate the MFI surface with
gold using electroless plating. The gold passivation prevents
NiW from oxidizing and also provides a lower electrical
contact resistance, as shown in Fig. 6(b) [13]. Fig. 6(c) and (d)
shows the SEM images of the freestanding MFIs. The final
height of the MFIs is 25 μm.

The process steps involved in the fabrication of the high-
power tier are shown in Fig. 7. The process starts with a double
side-polished 500-μm-thick Si wafer. Since the micropin-fins
are integrated into this tier, the wafer is chosen to be thicker
to provide enough mechanical stability. The next step involves

Fig. 7. Process flow for the high-power tier.

Fig. 8. (a) Flip chip bonding assembly and (b) assembled two-tier testbed.

the deposition of a 2-μm-thick SiO2 layer on the top side.
Next, 0.2-μm-thick Pt heaters/RTDs and 0.5-μm-thick gold
pads are patterned using two liftoff steps. The wafer is next
flipped over and 200-μm-deep micropin-fins are etched using
a standard Bosch etching process. Fluidic vias are etched on
a second wafer that is 300-μm thick and serves as a cover.
The two wafers are then bonded using Si–Si fusion bonding
and undergo an annealing process at 400 °C. The final step
for preparing the high-power tier is to deposit polymer pillars
on the heater side. The pillars serve as spacers to ensure a gap
of greater than 10 μm.

B. Assembly

The wafer is next diced. The low-power and high-power
tiers are then assembled using a Finetech submicrometer
flip-chip bonder, as shown in Fig. 8(a). After aligning the
two tiers, the alignment head is placed in contact with the
stack and a force of 15 N is applied to bond the stack; while
under compression, Devcon 5 Minute epoxy is applied to
the four corners to hold the tiers in position. The force is
released once the epoxy hardens. Fig. 8(b) is an image of
the assembled testbed. Fig. 9(a) shows an X-ray image of
the bonded sample. The region within the black square is
magnified and shown in Fig. 9(b). The micropin-fins, the four-
point resistance measurement structures, and the daisy-chain
resistance measurement structures can be seen in Fig. 9(b).
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Fig. 9. X-ray of (a) overall view of the bonded chip and (b) magnified view.

Fig. 10. Microfluidic test setup to evaluate the thermal isolation technologies.

Fig. 11. (a) Top and (b) bottom view of the stack assembled to a PCB board
using wire bonding.

C. Thermal and Electrical Test Setup
The microfluidic test setup is shown in Fig. 10. Given

the micropin-fins are only etched in the high-power tier
(bottom tier), the coolant only flows within the high-power
tier. The top tier is bonded to the bottom tier through MFIs
that are located in the center region. The stack is then bonded
to a predesigned Printed circuit board (PCB) for testing
[Fig. 11(a)]. Nanoports (i.e., fluidic ports) are attached on the
bottom of the sample, as shown in Fig. 11(b). An Agilent data
logger is used to source current into the on-chip heater/RTDs
on both tiers. The data logger is used to measure the resistance
of the RTDs on the top and bottom tiers and extract the
junction temperatures [6].

Fig. 12 shows the test setup for the four-point resistance
measurement of a single MFI. The measured resistance con-
sists of the electrical resistance of a single MFI and contact
resistance between the MFI and the gold pad.

IV. THERMAL AND ELECTRICAL EXPERIMENTAL RESULTS

To demonstrate the thermal isolation concept, several test
cases are emulated. In all tests, the inlet Deionized water water

Fig. 12. Four-point resistance measurement of MFI.

Fig. 13. (a) Initial case when the high-power tier dissipates 0 W.
(b) Case A where the background power density is 30 W/cm2 and the hotspot
power density is 100 W/cm2.

temperature is 19.5 °C ± 0.5 °C. The room temperature
is 22.5 °C ± 0.5 °C. In Sections IV-A, IV-B and IV-C, the test
cases are compared in pairs to better understand the impact
of thermal isolation. The junction temperature at the center
of the chip is computed as the average of the left and right
background temperatures.

A. Thermal Testing I: Powering the High-Power Tier

In a heterogeneous 3-D stack consisting of a low-power
die bonded on top of a high-power die using microbumps
and underfill, thermal coupling is expected to result in a
temperature increase in the low-power die when the high-
power tier is powered. In this section, this scenario is emulated
using the thermal isolation testbed.

The power maps of the high-power tier are shown in Fig. 13.
The low-power tier dissipates 0.5 W in all the evaluated cases.
In the initial case, the high-power tier does not dissipate any
power. In Case A, the background power density is 30 W/cm2,
while the two hotspots dissipate 100 W/cm2. The junction tem-
perature across the two tiers is shown in Fig. 14. In the initial
case, the temperature of both tiers is close to the inlet water
temperature. When the bottom tier is powered to a background
power density of 30 W/cm2 and a hotspot power density
of 100 W/cm2 [power map shown in Fig. 13(b)], the tem-
perature of the bottom tier increases at all locations. The
temperature of the left and right side background heaters
increases to 28.6 °C and 32.4 °C, respectively. The temperature
of the left and right side hotspots increases to 31.6 °C and
36.4 °C, respectively. However, the average temperature of
the upper tier increases to 26.9 °C. The temperature of the
upper tier follows the same temperature trend of the bottom
tier. However, owing to the thermal isolation technology,
the temperature increase is not as high as the bottom tier.
An interesting point to be noted is that the highest temperature
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Fig. 14. Measured junction temperature fluctuation before and after the
high-power tier is powered.

Fig. 15. (a) Uniform power density of 10 W/cm2 in the bottom tier (Case B).
(b) Background power of 10 W/cm2 plus two hotspots each dissipating
150 W/cm2 (Case C).

in the upper tier is located at the center of the die. Moreover,
the temperature of both tiers is very close at the center. This
effect can be attributed to the dense MFI array that is clustered
in the middle and, thus, creates an enhanced thermal path.
Another point to be noted is that the temperature of the upper
die gradually increases from inlet to outlet. One reason is
that the top tier follows the same temperature trend of the
bottom tier. The other reason is due to the imperfection of the
testbed. In the testbed, epoxy is used at the four corners to
securely bond the upper die to the bottom die, and thus, heat
can be conducted through the epoxy. When the temperature
of the coolant becomes elevated at the outlet, it impacts the
temperature of the upper die at the outlet. Therefore, the
temperature at location 9 [refer to Fig. 3(a)] is higher than
that at location 1. The epoxy thermal coupling is considered
in the finite-volume modeling in the following sections.

B. Thermal Testing II: Minimizing Hotspot Coupling

Hotspot cooling is a critical issue for today’s high-
performance computers. By stacking a low-power die with a
high-power die, the hotspots can also occur in the low-power
die because of thermal coupling. This presents a number of
challenges for temperature-sensitive low-power dice. There-
fore, in this section, we explore the effects of hotspots further.

The power maps of the simulated cases are shown
in Fig. 15. In Fig. 15(a), the bottom tier dissipates 10 W/cm2

across the chip. The junction temperature for each location on
both tiers is shown in Fig. 16 (Case B). Next (Case C), the
power density of the two hotspots increases to 150 W/cm2,
while the background power remains unchanged [Fig. 15(b)].

Fig. 16. Measured junction temperature fluctuation of top and bottom tiers
in Case B and Case C.

Fig. 17. (a) Zero background power with two hotspots each dissipating
150 W/cm2 (Case D). (b) Zero background power with two hotspots each
dissipating 200 W/cm2 (Case E).

The corresponding temperature of each chip is shown
in Fig. 16 (Case C). In Case B, the temperature curve is
relatively flat indicating uniform temperature without hotspots.
When the power density of the hotspot increases, one obvious
observation is that there are two peak temperatures that occur
in the bottom die. This is expected because of the large
power density of the hotspots. The two peak temperatures
are 31.4 °C and 33 °C, respectively. However, also in
Case C, there are no obvious hotspots in the upper tier.
The temperature of the upper tier gradually increases from
21.1 °C to 23.1 °C. This demonstrates that the proposed
thermal isolation concept effectively minimizes the hotspot
coupling between the stacked tiers.

To illustrate this point, two extreme cases are emulated
where only the hotspot regions are powered while the back-
ground dissipates no power. In addition, the power density
of the hotspot increases to 200 W/cm2. The two power
maps are shown in Fig. 17(a) and (b). The corresponding
temperature in the two cases is shown in Fig. 18. In these
two cases, the temperature of the bottom tier is close to
room temperature except for the two hotspots, where the
temperatures are 29.3 °C and 33 °C for Case D and Case E,
respectively. Even though the power density of the hotspot
is high, the total power is low, since each hotspot is only
1 mm × 1 mm. The fluid temperature barely increases after
flowing through the hotspot. Thus, the hotspots near the inlet
and the outlet have the same temperature. In Cases D and E,
the temperature at location 2 in the upper tier is 20 °C and
20.2 °C, respectively. However, the temperature at location 2
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Fig. 18. Measured junction temperature fluctuation of the top and bottom
tiers in Case D and Case E.

Fig. 19. (a) Background power of 30 W/cm2 plus two hotspots each

dissipating 100 W/cm2 (Case A). (b) Background power of 30 W/cm2 plus
two hotspots each dissipating 150 W/cm2 (Case F).

in the bottom tier is 29.3 °C and 32.8 °C, respectively. The
maximum junction temperature difference is 12.6 °C. For
reference, in Fig. 14, when the bottom chip is not dissipating
any power, the junction temperature at location 2 in the upper
tier is also 20 °C. The temperature barely changes in the upper
tier after the hotspot power increases. This demonstrates that
thermal isolation using MFIs has greatly decreased the hotspot
coupling between tiers.

C. Thermal Testing III: Increasing the Power
of the Bottom Tier

In Section IV-B, we demonstrated that the thermal isolation
technology under consideration can prevent vertical coupling
and, thus, protect the low-power tier from the hotspots in
the high-power tier. In this section, the bottom tier dissipates
an elevated power density of 30 W/cm2 in addition to the
hotspots. In the two cases, the two hotspots dissipate 100
and 150 W/cm2, respectively, as shown in Fig. 19. The
corresponding temperature of the two tiers in the two cases
is shown in Fig. 20.

At location 2 and location 8, where the hotspots are located,
the temperature difference between the top and bottom tiers
is large. For example, the temperature difference between the
two tiers at location 8 in Case F is 12 °C. However, at other
locations, the temperature difference is less (relative to hotspot
locations). For example, the temperature at location 9 in the
upper and bottom tiers is 32.8 °C and 29.2 °C, respectively.
The thermal isolation effect is weakened in this case, since
the coolant temperature increases as it absorbs heat from the

Fig. 20. Measured junction temperature fluctuation of the top and
bottom tiers in Case A and Case F.

bottom tier. The higher the power the bottom tier dissipates,
the greater is coolant temperature. The elevated coolant tem-
perature in turn causes the temperature to increase in the upper
tier. This effect is expected when the two tiers share the same
MFHS especially for the locations near the outlet. On the
other hand, the measured temperature in the bottom tier is an
average of half of the die. The actual temperature of location 9
should be higher than the average temperature. One method
to minimize the impact of coolant temperature increase in the
upper tier is to allocate an independent MFHS for it, as shown
in Fig. 1.

Another interesting observation is that the temperature is
highest at the center of the upper tier and similar to that of the
bottom tier. The reason is that the MFIs are densely clustered
in the middle, which complies with wide I/O technology.
In wide I/O technology, all Through silicon vias are located
in a rectangular array in the middle of the chip.

In our designed two-tier testbed, the hotspots always reside
away from the center of the bottom chip. In applications where
the hotspots appear in the middle of the bottom chip, the
thermal coupling will increase using the current MFI layout,
in which case redesigning of the MFI layout will become
necessary.

D. Electrical Testing of MFIs

In order to demonstrate the electrical connectivity between
the two tiers after bonding, two sets of electrical resistance
measurements are performed. The four-point resistance mea-
surements are made at four different locations on the sample.
The measured average electrical resistance is 46.5 m�. The
measured resistance consists of the resistance of the MFI,
the part of the landing pad, and the contact resistance. The
daisy-chain resistance of 38 MFIs is also measured during the
thermal measurements. At room temperature, the resistance
of the daisy chain including the leading wires is 19.55 �.
When the temperature of the bottom chip increases, the
daisy-chain resistance also increases. The highest measured
resistance during all thermal testing is 19.77 �. The daisy-
chain resistance measurement results provide confidence that
all the electrical contacts through the MFIs remain throughout
thermal testing.
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TABLE I

PARAMETERS USED IN THE FINITE-VOLUME MODEL

TABLE II

BOUNDARY CONDITIONS ASSUMED IN THE FINITE-VOLUME MODEL

V. BENCHMARK WITH CONVENTIONAL 3-D STACKING

APPROACH WITH MICROBUMPS AND UNDERFILL

A. Validation by Finite-Volume Modeling

A finite-volume modeling is used to validate our experimen-
tal results. The assumptions of the boundary conditions used
in the model are made based on the measurement results. For
microfluidic cooling in the bottom tier, the convective heat
transfer coefficient is assumed to be 5.2 × 104 W/m2K. For
the top tier, a heat transfer coefficient of 1.3 × 104 W/m2K is
assumed. This convective boundary condition is only applied
on the edges of the top tier. The calculation is based on
the initial case [Fig. 13(a)]; the top tier dissipates 0.5 W,
while the bottom tier dissipates 0 W. The equivalent thermal
resistance is calculated to be 3.4 K/W for the top chip. The
MFIs are represented by a 1-cm × 1-mm rectangular layer
with an equivalent thermal conductivity. All the parameters
and boundary conditions used in the model are included in
Tables I and II. The measured and modeled results for Case F
are shown and compared in Fig. 21. In all the simulated cases,
the error is within 2 °C.

B. Comparison With Microbump and Underfill
Using Finite-Volume Modeling

To benchmark with conventional 3-D integration scenarios,
the same stack is modeled with microbumps and underfill, as
shown in Fig. 22(b) and (c). In Fig. 22(b), the microbumps are
uniformly distributed, while in Fig. 22(c), they are clustered
in the middle as specified in the wide I/O technology. For a

Fig. 21. Comparison between the measured and modeled junction tempera-
tures in Case F.

Fig. 22. Modeled heterogeneous stack with (a) MFI and air cavity,
(b) uniform microbumps and underfill, and (c) clustered microbumps and
underfill.

Fig. 23. Modeled chip temperature in both tiers with and without the thermal
isolation. In the case without thermal isolation, microbumps and underfill are
integrated between the tiers.

fair comparison, the same number of MFIs and microbumps
is assumed. Tables I and II list the parameters used in the
model. The power map in Case F is used in this simulation.
In this case, the background power density is 30 W/cm2, while
the hotspots dissipate 150 W/cm2. For the two cases without
thermal isolation, as shown in Fig. 23(b) and (c), there is little
difference between the two cases because the heat conduction
through underfill dominates. In Fig. 23(b) and (c), we can see
that the temperature of the upper tier follows that of the lower
tier. In most locations, the temperature is similar in both tiers.
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Fig. 24. Heterogeneous 3-D stack with MFIs and independent MFHS for
the low-power die.

Fig. 25. Benchmark the ideal thermal isolation technology with the
conventional 3-D stacking approach using finite-volume modeling.

At the hotspot near the outlet, the temperature of the upper
tier and the lower tier is 35.9 °C and 38.7 °C, respectively. For
the case with thermal isolation, the temperature of the upper
tier and the lower tier is 28 °C and 41 °C, respectively. The
thermal isolation technology is shown to reduce the upper-tier
temperature by 8 °C at location 8 and, thus, yields a temper-
ature reduction of 19.5%, while the bottom-tier temperature
increases by 2 °C. This is because the upper tier helps to
spread the heat and, thus, lower the hotspot temperature of the
bottom tier. At locations without hotspots, such as location 9,
thermal isolation is also observed. In the case without thermal
isolation, the temperature of the upper tier and the lower tier is
35.7 °C and 35.8 °C, respectively, while with thermal isolation,
the temperature of the upper tier drops to 28.2 °C without
causing the temperature of the lower tier to increase.

C. Thermal Isolation With Independent MFHS
Dedicated to the Low-Power Tier

The implication from the analysis in the previous section
is that allocating an independent MFHS to the low-power tier
may further decouple it from the high-power die. Therefore,
the proposed concept with thermal bridge and independent
MFHS is modeled (as shown in Fig. 24) and benchmarked
with the conventional microbump and underfill approach.
In the ideal thermal isolation case, the temperature of the
high-power and low-power tiers at location 8 is 40.8 °C
and 23 °C, respectively (Fig. 25). While in the conventional
bonding scenario, as shown in Fig. 22(b), the temperature of
the high-power and low-power tiers is 38.7 °C and 35.9 °C,
respectively. A temperature reduction of 35.9% is achieved in
the low-power tier by using MFIs and independent MFHS.

VI. CONCLUSION

For heterogenous 3-D integration, including high-power and
low-power dice (e.g., memory and nanophotonics), thermal
coupling is a critical issue. The proposed thermal isolation
technology features an air cavity between the tiers, MFIs
as interconnects, and a thermal bridge for the isolated tiers.
To demonstrate the thermal isolation technology, a two-tier
testbed with heterogeneous elements is designed, fabricated,
and tested. Various thermal test cases are evaluated. The pro-
posed technology effectively decouples the two tiers thermally.
One case shows that the proposed technology effectively
prevents hotspots on the high-power chip from coupling to
the low-power tier; a best case of 35.9% reduction in the
low-power tier can be achieved. Four-point resistance mea-
surements of the MFIs are performed along with MFI daisy-
chain resistance measurements that confirm MFI electrical
connectivity between tiers throughout all power cycling.
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