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Abstract— In this paper, 2.5-D integrated circuits (ICs)
using bridge-chip technology are thermally evaluated to inves-
tigate thermal challenges and opportunities for such multi-
die packages. To this end, the objectives of this paper are
twofold. First, thermal benchmarking of a number of 2.5-D
integration approaches is performed and compared to 3-D ICs
for completeness. Thermal modeling shows that the evaluated
2.5-D integration approaches exhibit similar thermal charac-
teristics, but show significant improvements compared to 3-D
IC solutions with the same power consumption. Second, this
paper explores bridge-chip-based 2.5-D integrated systems as
a function of bridge-chip thickness, thermal interface material
properties, microbump properties, die thickness, die thickness
mismatch, and die-to-die spacing along with transient analysis to
investigate time-domain thermal coupling. Results suggest that a
die thickness mismatch of 100 µm can increase the maximum
temperature by 25.8% Therefore, the die thickness mismatch
should be kept as small as possible, and the hottest die should be
the thickest. Moreover, reducing die-to-die space from 1 to 0 mm
increases thermal coupling, and the low-power dice, such as
DRAM, can have a temperature increase of 6.1%.

Index Terms— 2.5-D, 3-D integrated circuits (ICs), bridge chip,
thermal challenges.

I. INTRODUCTION

EMERGING applications, such as the Internet of Things,
cloud computing, and machine learning-based artifi-

cial intelligence, have presented performance, communication
bandwidth (BWD), and functionality challenges to conven-
tional integrated circuits (ICs) and electronic systems [1].
To address these challenges, novel heterogeneous comput-
ing fabrics based on processor (CPU), field-programmable
gate array (FPGA)/GPU/application-specified integrated cir-
cuit (ASIC) accelerators, and high-density memory [2] have
been widely proposed and studied [3]–[5] to increase system
throughput, computation capability, and efficiency. However,
one of the biggest bottlenecks for such systems is the inter-
die BWD, which can cause functional blocks to be idle during
data transfer [6], leading to lower system performance.
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In order to keep up with rapidly evolving off-chip
communication requirements, multiple integration platforms
using advanced interconnect technologies have been explored
and demonstrated. Silicon interposer-based 2.5-D integration
of FPGAs achieves an aggregate BWD in excess of
400 Gb/s [7]. The 3-D processor-on-memory integration
using through silicon vias (TSVs) exhibits a maximum
memory BWD of 510.4 Gb/s at 277 MHz [8]. Monolithic
3-D integration is another promising option, which achieves
even higher BWD than TSV-based 3-D integration resulting
from the utilization of shorter and denser nanoscale vertical
vias [9]. Moreover, there has been recent interest in
multi-die packages using bridge-chip technology, including
embedded multi-interconnect bridge technology [1], [10] and
heterogeneous interconnection stitching technology [11] to
enable 2.5-D microsystems, as shown in Fig. 1(a) and (c),
respectively. In its simplest form, bridge-chip technology
utilizes a silicon die with high-density interconnects for inter-
die communication. The performance metrics of these 2.5-D
integration technologies are comparable to interposer-based
2.5-D solutions, but many other benefits are offered, including
the elimination of TSVs.

However, as multi-die packaging continues the trend of
using more high-peformance (i.e., CPU, GPU, and FPGA)
chips in a package, thermal challenges will increase. It is
expected that air cooling will become ineffective at cooling
such systems without keeping much of the silicon dark.
Thermal coupling from high-power chips to low-power chips
will also lower the overall system performance [12]. Therefore,
in spite of the benefits brought by these emerging integration
platforms, there are critical thermal issues that are potential
show stoppers.

Thermal analysis and optimization have been extensively
conducted for interposer-based 2.5-D integration [13], [14],
as well as TSV-based [15], [16] and monolithic 3-D IC inte-
grations [17], [18]. However, there are no thermal modeling
efforts focused on 2.5-D bridge-chip-based interconnection
platforms. Moreover, previous thermal efforts have generally
focused on one of the above-mentioned technologies; there
is a need for thermal benchmarking of all these approaches.
Therefore, the objectives of this paper are twofold. First, we
explore the thermal attributes of bridge-chip-based 2.5-D ICs
and benchmark with other 2.5-D and 3-D solutions. Second,
we conduct a deep-dive look at bridge-chip-based 2.5-D
integration and evaluate thermal performance as a function of
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Fig. 1. 2.5-D chip stack using (a) bridge-chip technology and (b) interposer
technology. (c) Non-embedded bridge-chip using multiheight microbumps
technology.

various technology parameters, such as bridge-chip thickness,
thermal interface material (TIM) properties, microbump prop-
erties, die thickness, and die spacing. These studies will help
the community understand the thermal limits and challenges
facing bridge-chip-based integration technologies.

This paper is organized as follows: Section II reports
the benchmarking of 2.5-D and 3-D stacks using different
integration technologies. In Section III, thermal modeling and
simulation specifications are described. Sections IV and V
compare 2.5-D bridge-chip-based integration to a number of
2.5-D and 3-D solutions. Section VI explores bridge-chip-
based 2.5-D integration as a function of various technology
parameters. Finally, Section VII summarizes this paper.

II. 2.5-D AND 3-D BENCHMARK ARCHITECTURES

A. 2.5-D Integration

Fig. 1 shows three 2.5-D integration technologies with
differing chip-to-chip interconnection architectures. The first
approach uses bridge-chip technology in which a silicon chip,
called the “bridge” chip, is embedded into the package. Chip-
to-chip interconnects are routed on the bridge chip, and fine-
pitch microbumps are used to connect the bridge chip and
the active dice, as shown in Fig. 1(a). The second approach
is more traditional and uses interposer technology, as shown
in Fig. 1(b). The last approach de-embeds the silicon bridge
chip and places it between the active chips and the package,
as shown in Fig. 1(c).

With the above-mentioned off-chip technologies, 2.5-D
heterogeneous integration of multifunctional chips can be
realized. In this paper, we focus on high-performance 2.5-D
integration of processor, accelerator (GPU, FPGA, or ASIC),

Fig. 2. Illustration of the envision FPGA-CPU-Memory 2.5-D chip stack
using bridge-chip technology (top view).

Fig. 3. 3-D chip stack. (a) TSV-based. (b) Monolithic nanoscale via-based.

and a memory stack. Specifically, we envision a CPU-FPGA-
Memory 2.5-D microsystem as a test vehicle for the bridge-
chip technology, and thus, all benchmarks are based on this
chip set, as shown in Fig. 2. The FPGA, processor, and
memory dice are placed side by side in a package with bridge
chips underneath the active dice. We assume that the memory
stack consists of five tiers, of which the bottom tier is the
controller circuit and the other four tiers are memory cells.

B. 3-D Integration

Fig. 3 shows two 3-D integration architectures, both of
which have been extensively explored in the literature. The
key enabler for the two stacks is the utilization of vias as chip-
to-chip interconnections. The vias in monolithic 3-D are much
shorter (∼ a few 100 nm) and smaller (∼100 nm) compared
to TSVs (∼5 μm diameter and about 40 ∼ 100 μm tall).

In both cases, we still consider a CPU-FPGA-DRAM
integrated microsystem. We assume there are two separate
3-D stacks: the first is a CPU-on-FPGA computation stack
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Fig. 4. 2.5-D integration using bridge-chip technology with detailed layer
information.

(CPU is placed on top for thermal consideration), and the
second is a DRAM chip stack. To simplify this case study,
we assume the FPGA, CPU, and memory chips are of the
same size. The memory stack has one controller tier and eight
memory cell tiers (the same storage capacity as 2.5-D cases).
The two 3-D chip stacks are placed side by side and employ
a bridge chip in the package for communication.

III. THERMAL MODELING AND SPECIFICATION

A. Thermal Modeling

The thermal framework used in this paper for benchmarking
is reported in [19]. To reduce the computation costs, noncon-
formal meshing methods are implemented in the x-, y-, and
z-axes. The mesh sizes are tuned in accordance to geometry
differences (chip, heat spreader, interposer, and package). The
backward Euler scheme is used to implement the transient
analysis. Choleskey factorization is used for both steady- and
transient-state analyses. The preconditioned conjugate gradient
method is applied when the memory is limited. The above-
mentioned steady-state and transient-state models are validated
against ANSYS, and the maximum relative error in junction
temperature rise is less than 7% [20], [21].

Fig. 4 shows a 2.5-D stack with an air-cooled heat sink.
The 3-D IC configurations used for evaluation are quite similar
except that the chips are stacked. For thermal modeling, we
abstract the heat sink and the printed circuit board (PCB) as
primary and secondary cooling boundaries, respectively. Both
boundaries are modeled using a uniform convection coefficient
applied to the top surface of the heat spreader and to the
bottom surface of the package substrate, respectively.

B. Thermal Specifications

1) Layer Thickness and Material Property: The layers’
information and material properties are summarized in Table I.
On-chip and package metal layers are modeled using in-
plane and through-plane thermal conductivity formulated
in [22]. Moreover, effective thermal conductivity modeling of
the layers with “vertical interconnects” (microbumps, TSVs,
etc.) [22] is implemented to further reduce the mesh number.
In Sections IV–VI, all the reported simulations are based on
these values as shown in Table I.

Fig. 5. Setup for characterizing effective convection coefficient.

2) Geometry Parameter and Boundary Conditions: The
processor and FPGA dice are assumed to be 1 × 1 cm2 large.
For the 2.5-D cases, the memory die size is assumed to be
1 × 2 cm2, and for the 3-D cases, the memory die size is
assumed to be the same size as the processor and FPGA die,
i.e., 1 × 1 cm2. As mentioned in Section II, the memory
stack has five and nine tiers for the 2.5-D and 3-D cases,
respectively. The default spacing between dice is 0.3 mm, and
the bridge chip is set to be 2.3 × 7 mm2. The package size
is 2.23 × 2.23 cm2. The heat spreader size is assumed to be
4 × 3.5 cm2.

The air-cooled heat sink is assumed to have a case-to-
ambient thermal resistance of 0.218 K/W [23], and the ambient
temperature is assumed to be 38 °C. For the secondary heat
path, we used the method described in [24] to characterize
the effective cooling capability of the PCB. We assume the
stack is assembled on a 10 × 10-cm2 PCB, and a natural
cooling of 15 W/°C · m2 is applied to both surfaces of the
PCB, as shown in Fig. 5. In order to extract an effective heat
transfer coefficient, so that the whole board does not need to
be modeled with the package and dice, a power dissipation
of 1 W is applied to the top surface. The effective convection
coefficient that the PCB provides can be calculated using the
equation shown as follows:

R = 1

heff · A
= Tsurface − Tamb

Q
. (1)

This value (heff ) is calculated using weighted average
temperature of the bottom surface of the package and is found
to be 311 W/m2 · K.

3) Power Maps: The layouts of the emulated processor
and DRAM dice are shown in [19]. They are based on Intel
Core i7 processor and Samsung 3-D DRAM, respectively. The
processor is assumed to dissipate 74.49 W. For the DRAM
chip, the bottom controller is assumed to dissipate a uniform
power of 5 W, and each DRAM cell tier dissipates 1.46 W. The
power profiles of the processor and the DRAM cell tiers are
shown in Fig. 6(b) and (c), respectively. The emulated FPGA
layout is based on Altera Stratix V and Stratix 10 FPGAs [25].
The FPGA chip power is dependent on application, and in
our case, we envision the FPGA chip as the server (processor)
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TABLE I

THERMAL SPECIFICATION

Fig. 6. Power density maps of each die. (a) FPGA die, 44.8 W. (b) Processor
die, 74.49 W. (c) DRAM die (cell circuit), 5.65 W for cell circuit.

accelerator. Based on [25], the total power is approximately
44.8 W for the server accelerator, and by using the open-source
power calculator [26], we can further estimate the power per
functional block and emulate the power profile, as shown
in Fig. 6(a).

4) Microbumps and TSVs: The microbumps we study are
categorized into two groups: the first is between the chip and
the package or interposer, and the second is between the chip
and the bridge chip. For the first group, the diameter and the
pitch of the microbumps are 40 and 200 μm, respectively.
For the second group, dense microbumps are used, and the
diameter and the pitch are 20 and 40 μm, respectively. Both
groups of microbumps are assumed to be uniformly distributed
in the corresponding area.

IV. COMPARISON OF DIFFERENT 2.5-D INTEGRATIONS

All the three 2.5-D IC cases are configured with an air-
cooled heat sink, as shown in Fig. 4. The chip placement and
power maps are shown in Figs. 2 and 6, respectively. If not

stated, all of the thermal analyses are steady-state results using
the maximum power maps shown in Fig. 6 to give a worst-case
estimate.

Fig. 7 shows the thermal profiles of each die in all cases.
The figures are to scale according to die size and spacing
listed in Section III. All of the cases exhibit a similar thermal
profile because most of the heat is conducted through the
attached air cooled heat sink on top (98.18%, 97.17%, and
97.19% for the bridge chip, interposer, and non-embedded
bridge-chip cases, respectively). Nevertheless, there is a small
difference in the junction temperature resulting from different
secondary heat paths in each case. For the interposer-based
2.5-D configurations, heat spreading is enhanced due to the
high thermal conductivity of silicon interposer. Therefore,
the maximum temperature is the lowest of the three cases
(Tmax is 102.80 °C). Likewise, the bridge chip is placed
closer to the die in the non-embedded bridge-chip case, and
as a consequence, the temperature is lower than the first
case (0.69 °C cooler). Fig. 8 shows the difference in the
spreading capability of the bridge-chip and interposer-based
2.5-D integration cases. For the interposer 2.5-D case, the
thermal profile of the layer beneath the chip (interposer layer)
is smoother and exhibits a smaller Tmax − Tmin than that of
the bridge-chip case (package layer), which is approximately
4.85 °C lower.

Another observation is the clear lateral thermal coupling
between different dice in all cases due to the heat conduction
in the heat spreader. The edges of the FPGA and DRAM dice
near the processor die are greatly influenced, which creates a
relatively larger hotspot area in the FPGA and DRAM dice.
To minimize this thermal coupling, it is necessary to apply
either tier-specific microfluidic cooling [27] or thermal isola-
tion technology using an insulator [12] to eliminate thermal
coupling.

A. Impact of the Thickness of Interposer and Bridge Chip

Based on the above-mentioned analysis, the thickness of the
interposer and the bridge chip impact heat spreading. With a
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Fig. 7. Top view of thermal profiles of each die in all cases. The bottom die and the hottest die of the DRAM stack are plotted. (a) Embedded bridge chip,
Tmax: 104.92 °C. (b) Interposer, Tmax: 102.80 °C. (c) Non-embedded bridge-chip, Tmax: 104.23 °C.

Fig. 8. Illustration of heat spreading effects of (a) package layer in embedded
bridge-chip-based 2.5-D, 60.22 °C ∼ 104.60 °C and (b) interposer layer in
interposer-based 2.5-D, 61.61 °C ∼ 101.14 °C.

Fig. 9. Impact of interposer and bridge thickness.

thicker silicon layer beneath the dice, the heat spreading is
improved and the junction temperature of the hottest die is
reduced. Therefore, we sweep the thickness of the interposer
and bridge chips from 100 nm to 800 μm (for non-embedded
bridge-chip case, the upper bound is 30 μm) and plot the
maximum junction temperature of each case, as shown in Fig.
9. For the bridge-chip and interposer cases, Tmax decreases

TABLE II

THERMAL COMPARISON OF BRIDGE-CHIP 2.5-D AND 3-D INTEGRATION

as the thickness becomes larger because of the improved
spreading of the thicker interposer and bridge chips. Increasing
the thickness from 100 nm to 800 μm, Tmax is reduced by
1.78 °C and 4.07 °C for the bridge-chip and interposer cases,
respectively. The temperature reduction trend is significant
when the thickness is larger than 100 μm. For the non-
embedded case, the impact is not significant due to the fact
that the thickness of the bridge chip is limited by the height
of the microbumps.

V. THERMAL COMPARISON BETWEEN 2.5-D
AND 3-D INTEGRATION

When multiple chips are stacked vertically, the power
density of the resulting 3-D stack will be larger than that
of 2.5-D configurations. As a result, the thermal challenges
become more difficult to address. In this section, we thermally
explore two types of 3-D integration approaches and compare
to bridge-chip-based 2.5-D integration.

For the TSV-based 3-D IC case, we assume a die
thickness of 125 μm, a TSV diameter of 5 μm, a liner
thickness of 0.5 μm, and a pitch of 100 μm. For the monolithic
3-D IC case, the thickness of both the die and buried oxide
is 100 nm; the handle layer is assumed to be 100 μm.
The monolithic via diameter is 100 nm and assumed to be
tungsten.

Table II lists the maximum junction temperature of bridge-
chip-based 2.5-D and the two 3-D IC cases. The results show
that 2.5-D integration has better thermal attributes than the
two 3-D IC cases. The maximum junction temperature of
the CPU in 2.5-D integration is 17.37 °C and 16.45 °C
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Fig. 10. Thermal profile of each die in the 3-D stack cases. (a) Monolithic
3-D. (b) TSV-based 3-D.

lower than monolithic and TSV 3-D ICs, respectively. The
maximum junction temperature of the FPGA in 2.5-D inte-
gration is 25.94 °C and 27.34 °C lower than the monolithic
and TSV-based 3-D ICs, respectively. For the DRAM chips,
the maximum junction temperature using 2.5-D integration
is 7.08 °C and 9.01 °C lower than TSV and monolithic
3-D ICs, respectively. From a thermal perspective, high-power
stacks, such as CPU-on-FPGA, may not be practical using
3-D technology; while for a low-power stack, such as DRAM
chips, despite the temperature rise, the maximum temperature
does not exceed the thermal limit. Additionally, the DRAM
chip can be cooler if less tiers are stacked.

Fig. 10 shows the thermal profiles of the CPU and FPGA
dice in the two 3-D IC cases. Compared to the bridge-chip
2.5-D case shown in Fig. 7(a), the 3-D cases have stronger
thermal coupling, and the thermal profile of one die exhibits a
mirror image of the other. The monolithic case has a smaller
active layer thickness; thus, the spreading is worse than in the
3-D IC TSV case, as shown in Fig. 3. However, the thermal
resistance from the FPGA to the heat sink is slightly smaller
than the 3-D TSV case, which results in a lower maximum
temperature.

VI. THERMAL STUDY OF BRIDGE-CHIP

2.5-D INTEGRATION

In this section, we focus on bridge-chip-based 2.5-D inte-
gration and thermally evaluate as a function of TIM ther-
mal properties, die thickness mismatch, die thickness, and
die spacing. In addition, transient analysis is performed
to further understand die-to-die thermal coupling. Through

Fig. 11. Impact of thermal conductivity of TIM.

Fig. 12. Illustration of die thickness mismatch.

these analyses, the limits and challenges of bridge-chip-based
2.5-D integration are better understood. If not specified, the
parameters and power maps are the same as those used
in Section III

A. TIM Properties and Die Thickness Mismatch

There are two TIM layers: The first is between the heat
spreader and each die (TIM1), and the second is between
the heat spreader and the heat sink (TIM2), as shown in
Fig. 4. With a good TIM material, the junction temperature
will decrease. To evaluate the impact of TIM properties,
we sweep the thermal conductivity of TIM1 and TIM2 from
0.9 to 400 W/°C · m (TIM1 and TIM2 are assumed to be
the same material). The results are shown in Fig. 11. There is
a crossing point in the thermal conductivity at approximately
3 W/°C ·m, beyond which better TIM material does not yield
significant benefits. Likewise, changing the TIM thickness
leads to similar results.

In heterogeneous 2.5-D integration, the chips may be fabri-
cated in different technology nodes and vendors (Intel 22 nm,
14 nm and TSMC 28 nm, 16 nm). Therefore, the die thickness
may be different, and it is necessary to use a material to fill the
gap, as shown in Fig. 12, using TIM and/or copper (customized
heat spreader [28]).

To investigate the impact of die thickness mismatch,
we make the following assumptions. First, we assume that the
die thickness mismatch is only attributed to the dice; second,
we only change the die thickness of one chip and fix the thick-
ness of the other two to the default value; finally, we assume
the die with thickness mismatch to be thicker than the other
chips.
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Fig. 13. Impact of die thickness mismatch of (a) processor, (b) FPGA, and (c) DRAM. The solid line in the figures represents the cases using default TIM
filler (3 W/°C · m), and the dashed line represents the cases using copper filler (400 W/°C · m).

Fig. 14. Impact of die thickness scaling. The dotted line plots Tmin of
each die.

The results are shown in Fig. 13. There are three obser-
vations. First, good fillers are preferred to avoid elevated
temperature. If we use copper instead of a TIM (which is not
practical), the temperature of each die experiences a nominal
change. Second, using the TIM, the temperature increases
as the thickness mismatch increases. Third, when the low-
power die is thicker [Fig. 13(b) and (c)], it results in a higher
maximum temperature for the whole microsystem. Thus, it is
necessary to guarantee that the die with the largest power
density has the largest thickness and uses the least filler. In this
case, Fig. 13(a) shows when the processor die has a height
mismatch of less than 50 μm, the maximum temperature of
the whole microsystem does not increase significantly.

B. Die Thickness

The die layer plays an important role in heat spreading,
which reduces the localized hotspot temperature. Therefore,
as the die thickness scales down, the lateral thermal resistance
increases and heat spreading becomes reduced. We sweep the
die thickness from 1 to 750 μm, and the results are shown in
Fig. 14. Although the maximum temperature of each die does
not change significantly (2.08 °C, 1.63 °C, and 3.48 °C for
processor, FPGA, and DRAM die, respectively), the intradie
variation experiences a relatively larger change. For example,

Fig. 15. Thermal profile of each die (die thickness is 1 μm). The heat
spreading is confined, and the block outlines are clearly observed from the
thermal maps.

Tmax − Tmin for the processor changes from 25.57 °C to
15.70 °C when die thickness is changed from 1 to 750 μm.

Fig. 15 shows the thermal profile of each die when the
die thickness is 1 μm. The block layout is demarcated in the
thermal profile as a result of poor heat spreading.

C. Impact of Microbump and Underfill

The thermal properties of the microbump and underfill
impact the secondary heat path. When the effective thermal
resistance is reduced, Tmax of the whole assembly will mini-
mally decrease. On the other hand, due to the fact that most of
the heat is conducted through the main heat path, even if the
effective thermal resistance of the microbump layer becomes
poor, it is expected that Tmax would not change significantly.

However, if the microbump and underfill become thermally
resistive, they form an insulation between the active device
layer and the interposer or bridge layer. As a consequence,
the interconnection wires will have a lower temperature. Based
on the modeling of the thermal impact on the interconnection
metric of BWD over energy per bit (EPB), the BWD/EPB
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Fig. 16. Impact of effective thermal conductivity of microbump layer for
bridge-chip case.

metric can be improved by approximately 7.76% if the tem-
perature is reduced by 30 °C [29]. To investigate the impact of
microbump and underfill, we fix the number and diameter of
microbumps at the default value and only change the underfill
and microbump thermal conductivity to change the effective
resistance of the microbump layer. The effective conductivity
of the microbump layer is defined as

keff = kbump · N · Abump

Achip
+ kunderfill · (1 − N · Abump

Achip
)

Abump = π ∗ D2

4
(2)

where Achip is the chip area, and N and D are the number
and diameter of the microbumps.

Fig. 16 shows the junction and interconnection temper-
atures as a function of effective thermal conductivity of
the microbump layer for the bridge-chip case (similar for
interposer and non-embedded bridge-chip cases). When the
effective conductivity of the microbump layer is reduced, there
is minimal change in the maximum junction temperature.
On the other hand, the average temperature of the bridge
chips (where the chip-to-chip interconnections are located)
experiences a temperature change as high as 17.27 °C (bridge
chip #1). This implies that a low-conductivity material for the
microbump layer helps maintain a lower temperature for chip-
to-chip interconnections.

D. Die Spacing

Fig. 17 shows that as the die spacing increases (heat
spreader is kept the same size), the junction temperature of
each die decreases. However, the rate of temperature reduc-
tion of each die is not the same. For the die with smaller
power, the rate is larger and implies that the low-power
die is more vulnerable to thermal coupling. The FPGA and
DRAM junction temperatures drop by 3.47 °C and 5.53 °C,
respectively. On the other hand, the processor die temperature
has a nominal temperature change when the die spacing
increases from 0 to 1 mm. Since DRAM performance degrades
in the extended temperature range (above 85 °C) [30], it is

Fig. 17. Impact of die spacing. As the die spacing increases, the junction
temperature decreases.

Fig. 18. (a) Emulated processor power and (b) transient analysis results of
bridge-chip 2.5-D integration.

meaningful to take advantage of this effect and carefully
design the spacing between the DRAM die and the other high-
power chips (of course, there are tradeoffs between thermal
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considerations and off-chip interconnection metrics, such as
BWD/EPB and integration density).

E. Transient Thermal Coupling

The thermal profiles shown in Fig. 7 represent the final
steady-state results, but thermal coupling between dice is
evolving as the chip activity changes. To investigate the
time-domain impact of thermal coupling, we perform a tran-
sient analysis to show these time-varying activities. We emu-
late a processor workload with the activity factor shown
in Fig. 18(a). The emulated activity factor has a range
of 0.01–0.80. To simplify the case, we assume the FPGA and
DRAM dice maintain a constant power.

The maximum junction temperature of each die is shown in
Fig. 18(b); time-domain thermal coupling can be observed.
When the temperature of the processor changes, the other
two dice also experience a temperature change, but with a
relatively larger response time and smaller variation. The
thermal variation of the processor, FPGA, and DRAM is
7.23 °C, 3.52 °C, and 1.81 °C, respectively. Due to the lateral
distance between the FPGA and DRAM dice to the hotspots
on the processor, the two dice respond more slowly to power
changes in the processor.

VII. CONCLUSION

This paper presents a comprehensive thermal study for
2.5-D integration focusing on bridge-chip-based technology
to identify the thermal limits and challenges in such inte-
gration approaches. A CPU-FPGA-DRAM assembly is used
as an application example. Bridge-chip 2.5-D integration is
compared to interposer and non-embedded bridge-chip 2.5-D
integration. Compared to bridge-chip 2.5-D integration, inter-
poser 2.5-D integration offers modest improvements in terms
of maximum die junction temperature due to better heat
spreading in the interposer layer. Bridge-chip 2.5-D integration
is also compared to TSV and monolithic 3-D integration
and shows improved thermal response due to smaller power
density. We also study the bridge-chip-based 2.5-D integration
as a function of bridge-chip thickness, microbump properties,
TIM thickness, die thickness mismatch, die spacing, and die
thickness. The simulation results show that the die thickness
mismatch should be kept as low as possible and that the hottest
die should be the thickest. Moreover, from a thermal perspec-
tive, low-power dice, such as DRAM, benefit in maximum
temperature by 6.1% when the die spacing is increased from
0 to 1 mm. The die thickness plays an important role in heat
spreading with thicker die reducing intra-die thermal gradient.
Finally, time-domain thermal coupling is investigated. As the
temperature of the CPU changes, FPGA and DRAM dice
temperatures follow this change.
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