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Abstract—With continuous miniaturization of electronic
devices, the system complexity and power density increase rapidly,
causing localized high heat flux on chips. Hotspot-targeted
thermal management has attracted extensive interest due to the
concerns about chip performance and reliability. In this work, we
proposed a hotspot-targeted hybrid cooling scheme that integrates
jet impingement cooling with thermal TSVs. The cooling solution
creates a heat transfer route for the hotspot heat flux by combining
the high HTC in the stagnation region of jet impingement and
superior heat conduction of thermal TSVs. The cooling
performance of the scheme is benchmarked by performing CFD
simulations. The proposed solution shows a remarkable 54%
improvement in temperature uniformity and a significant 20%
reduction of temperature rise compared to three other reference
cooling solutions, including uniform cooling and stand-alone
thermal TSV or impingement jet cooling scheme. In this paper, we
investigate the impact of the TSV diameter, shape and TSV density
to enhance the cooling performance. Firstly, the TSV dimensions
are optimized to reduce occupied routing space. An optimal TSV
diameter is obtained, which maintains a low overall thermal
resistance and well confines the heat spreading in bulk TSV.
Furthermore, we present a design with an exposed TSV array,
which could enhance the local HTC in the hotspot region by
aligning a protruded TSV array to the impingement jet. The TSV
array with an optimal array density is demonstrated to be capable
of effectively reducing temperature non-uniformity and peak
temperature.

Keywords—hotspot, thermal management, thermal through
silicon via, impingement jet cooling, temperature uniformity, surface
enhancement, CFD simulation

I.  INTRODUCTION

As transistors continuously scale down, thermal
management has become a major concern for the design of
microelectronics [1]. Recent advances in the miniaturization of
electronic devices and the complexity of systems are causing
localized high heat flux, which can achieve more than 1000
W/cm? [2]. The concentrated high heat flux can render specific
regions with peak temperatures known as hotspots. The
temperature rises at hotspots bring about non-uniformity of
temperature  distribution along chip interfaces, which
significantly degrades the performance and reliability of devices
[3]. Hotspot-targeted cooling techniques have attracted
extensive research interest due to the importance of hotspot
thermal management in microelectronics design.

With the existence of hotspots, the heat flux can be quite
non-uniform across the chip heat source regions. Conventional
cooling solutions with a uniform heat transfer coefficient (HTC)
distribution cause overcooling of the background region and
undercooling of the hotspot region, leading to intensive energy
consumption and notable temperature non-uniformity [3].
Therefore, advanced cooling solutions should be developed to
eliminate the hotspots. In the literature, many hotspot-targeted
cooling solutions have been proposed to reduce the temperature
rise at hotspots, such as thermoelectric coolers (TEC) [4], micro
heat pipes [5], heat spreaders with high thermal conductivity
materials, such as graphene [6] and diamond [7], digital-
microfluidic embedded cooling [8], microchannel cooling [3],
[9], [10], and impingement jet cooling [11].

One of the most popular approaches to reducing the
temperature rise of hotspots is creating a non-uniform HTC
distribution to accommodate the non-uniformity of heat flux on
the chip heat source region. Various approaches have been
applied to address the high heat flux with an enhanced heat
transfer in the hotspot regions. Small-sized TEC has shown great
potential in dealing with hotspots as they can be integrated with
integrated circuit (IC) processing and directly attached to
hotspot regions, rendering a localized heat transfer enhancement
and thus a decrease in temperature rise [2]. TEC is a kind of
solid-state cooler that offers a reliable and low-noise cooling
solution, but the additional energy consumption and low energy
efficiency are the main drawbacks of TEC [4]. Topology
optimization can be utilized to control the flow characteristics in
microchannels and thus achieve desired HTC distribution. For
example, Sharma et al. [3], [9] optimized the design of
microchannels to create a non-uniform HTC that accommodates
the heat flux distribution on the chip interface. Moreover, liquid
cooling with surface enhancement has been proven promising
hotspot-targeted approaches as they can locally enhance
convective heat transfer in hotspot regions. It has been
demonstrated that micro-fins [12] and porous media [13] can be
embedded in microfluidic cooling solutions to strengthen heat
transfer and alleviate the temperature rise in hotspot regions.

Among these cooling schemes, impingement jet cooling has
shown distinctive advantages due to the non-uniform nature of
HTC distribution on the target surface of the microjet [11], [14].
In impingement jet cooling, the boundary layer grows with the
distance from the inlet nozzle, leading to a decrease of HTC
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Configuration of hybrid jet impingement/Thermal TSV cooling solution. The inlet nozzle, thermal TSV, and hotspot are horizontally aligned to create a

heat transfer route for the high heat flux in the hotspot region. (a) Schematic of the cooling solution with an NxN nozzle array. (b) A unit cell of the jet array
cooler. (c) Cross-sectional view of the unit cell with a single inlet and four outlets.

along the radial direction [15]. Thus, the target surface can be
divided into three regions, the high-HTC stagnation region right
below the nozzle, and the low-HTC wall jet and decay regions
away from the nozzle [11]. The heat transfer enhancement in the
stagnation region can be used to dissipate the high heat flux from
hotspots and enhance temperature uniformity if the nozzles are
well aligned with the hotspots. The demonstration of a hotspot-
targeted jet cooler directly on the silicon die backside is achieved
by Wei et al [11]. They designed and fabricated a 3D-printed jet
cooler that aligns the inlet nozzles with hotspots on a testing
chip. The cooler showed superior performance in maintaining a
uniform temperature on the chip interface. However, the jet
cooling performance on the hotspots is still limited by the heat
spreading resistance through the silicon thickness.

Thermal Through Silicon Via (TSV) is thermal metal via
fabricated in silicon dies to facilitate vertical heat transfer in 3D
ICs [16], [17]. Compared to signal vias, thermal TSVs are
dummy vias made of materials with high thermal conductivity
and thus can increase the effective thermal conductivity of dies.
Thermal TSVs can be arranged specifically near hotspots to
reduce the peak temperature [16]. Although thermal TSVs can
significantly decrease thermal resistance, they occupy valuable
routing space and increase the distance between IC blocks [17].
Therefore, the design of thermal TSVs should be optimized to
achieve a minimum usage of additional space while maintaining
a predominant effect on heat transfer.

In this work, we propose a design of a hotspot-targeted
impingement jet cooling solution with embedded thermal TSVs
on the chip backside. By aligning the hotspots, inlet nozzles, and
thermal TSVs, we create a heat transfer route with
extraordinarily low thermal resistance for the high heat flux
generated in the hotspot region. The cooling performance of the

design is benchmarked by evaluating the overall thermal
resistance and the temperature uniformity of the chip interface
in Computational Fluid Dynamics (CFD) simulations and
compared with other cooling solutions. The effects of
dimensions and shapes of thermal TSVs are investigated to
obtain the optimal design with minimum occupied space of
thermal TSVs. Moreover, we demonstrate that the thermal
resistance can be further reduced by fabricating a thermal TSV
array and exposing TSVs as micro-fins. The effects of array
density are studied to obtain optimal cooling performance.

II. METHODOLOGY

A. Model Geometry and Parameters

The design of the hybrid jet impingement/Thermal TSV
cooling solution is shown in Fig. 1. Deionized (DI) water is
chosen as the coolant here. The jet cooler consists of NxN inlet
nozzle arrays and (N+1) x (N+1) outlet nozzles. A unit cell of
the jet array cooler is shown in Fig.1b. The coolant will first flow
into the inlet plenum from a single fluid inlet and then be
distributed into an array of circular nozzles designed near the
hotspot region. The jet flows through the inlet nozzles and
impinges the die surface to dissipate the hotspots with high heat
flux through convection cooling. The fluid will then be collected
to the outlet plenum with the help of a distributed return
microchannels architecture. A circular copper TSV is fabricated
in the silicon die and aligned with the hotspot to enhance vertical
heat transfer in the hotspot region. One of the inlet nozzles is
also aligned with the hotspot and the TSV, which utilizes the
high HTC in the stagnation region of the impingement jet to
facilitate heat dissipation from the hotspot. Thus, an efficient
heat transfer route is built for the high heat flux from the hotspot.
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TABLE L. GEOMETRIC PARAMETERS
Parameter Symbol Value
Inlet diameter d; 100 pm
Outlet diameter dout 100 pm
Unit cell length Lunit 600 pm
Cavity height Dcay 100 pm
Silicon layer height hsi 105 pm
TSV height hrsv 100 pm
TSV diameter drsv 0~600 pm
Hotspot length Lis 100 pm

For CFD simulation, a unit cell model is taken out from the
nozzle array to reduce the computational time. As shown in Fig.
1c, the cross-sectional view indicates that the unit cell model
contains a single inlet nozzle and four one-fourth outlet nozzles.
The configuration of the unit cell model is defined by several
geometric parameters, including parameters of the fluid domain
and dimensions of the solid domain. The fluid domain is
described by the parameters of the nozzle array, including inlet
diameter din, outlet diameter doy, unit cell length Lyni, and
cavity height 4c.y. While the solid domain, including the silicon
die and copper TSV, is defined by silicon layer height Zs;, TSV
height Atsy, and TSV diameter drsv. A square shape hotspot
with a length of Ly is applied to benchmark the cooling
performance of the design. A high heat flux of gns =600 W/cm?
is assumed to be generated in the hotspot region, and a
background heat flux of gns =20 W/cm? is specified for all other
areas on the chip heat source regions. The values of the
geometric parameters are listed in Table .

B. Simulation Method

Ansys 2022R2 platform is used in this work to perform
conjugate heat transfer and fluid dynamics simulation, which
considers both the convection by the impingement jet and the
conduction in the silicon layer. The unit cell model is used to
simulate the heat transfer characteristics. Previous works have
demonstrated that the effects of cooler structure materials on the
heat transfer characteristics of the cooler can be neglected [18].
Therefore, the computational domain only contains a fluid
region of flow in the cavity and nozzles and a solid region of the
die.

The turbulence model is chosen based on the evaluation of
the inlet Reynolds number

Rein: Uindin/v (1)

where v is the kinematic viscosity of the fluid. In this work, the
inlet velocity and inlet temperature are chosen as Uix=3 m/s and
Tin=300K for all the simulations, resulting in an inlet Reynolds
number of Rein=299. Considering that the reported turbulence
transition range of the impingement jet is Re;{,»=1000~3000 [19],
the laminar model is used here for simulating the fluid
dynamics of the impingement jet. The Semi-implicit method for
Pressure-linked Equations (SIMPLE) algorithm with Quadratic
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Fig. 2. Boundary conditions of the unit cell model. (a) All side surfaces are
set as symmetric boundaries. The interfaces between the fluid domain and the
cooler are assumed to be adiabatic. (b) Power map of the chip interface. A
square hotspot with a high heat flux of gis =600 W/cm? is used for the
benchmark. The Blue dotted line represents the diagonal direction.

Upstream Interpolation for Convective Kinematics (QUICK)
scheme is applied to solve the Navier—Stokes equations.

As shown in Fig. 2, boundary conditions are set up based on
the physical properties of different boundaries. All the fluid-
solid interfaces are assumed to be no-slip surfaces, indicating
that the relative velocity between fluid and solid is zero at
interfaces. The fluid inlet is set as a uniform velocity inlet and
outlets are set as pressure outlets with a gauge pressure of 0 Pa.
As shown in Fig. 2a, Symmetric boundary conditions are
specified for all the side surfaces of the unit cell model to
simulate the fluid dynamics of the impingement jet from a
nozzle array, and the interfaces between fluid and the cooler
materials are set as adiabatic boundaries as the heat transferred
to the cooler materials is negligible [18]. As mentioned above,
the heat dissipation of the chip is characterized by a non-uniform
heat flux distribution with a hotspot region and a background
region. Fig. 2b shows the power map of the chip interface, which
defines the heat flux boundary conditions on the bottom surface
of the unit cell model.

As shown in Fig. 3, the detailed geometry of the model is
described by fine meshing with a maximum mesh size of 5 um.
Hybrid meshing is chosen, which uses prism mesh to capture
boundary layer features and generates tetrahedral mesh cells to
describe the dynamics of other fluid domains. The meshing of
thermal TSV is refined at small TSV diameters to ensure
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Fig. 3. Meshing of the unit cell model with a maximum mesh size of 5 pm.
Denser prism mesh cells are applied near the liquid-solid interfaces to capture
the boundary layer flow.
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accuracy. The mesh sensitivity is analyzed by comparing the
temperature rise at maximum mesh sizes of 5 pm and 2.5 pm.
The relative deviation of temperature rise is 0.46%, indicating
that the current mesh size of 5 um fulfills the requirement of
mesh independence.

C. Parameters Extraction

The cooling performance of the design is assessed from two
different aspects: maximum temperature and temperature
uniformity. As shown in Fig. 4, the maximum temperature
Toot,max 18 defined as the temperature of the hottest point on the
bottom surface, which is usually located at the center of the
hotspot region. A thermal resistance network is sketched in Fig.
4, which consists of the maximum spreading resistance, 1D
conduction resistance, and convection resistance. The
maximum temperature is normalized as the overall thermal
resistance per unit area to allow comparison between different
cooling solutions.

_ I{)ot,max B Ti'n
tot — v " Achi (2)
A, +q,. A P
qbg bg qhs hs

where Aps, Avg, and Achip denote the area of the hotspot region,
background region, and the entire chip interface, respectively.

Temperature uniformity is predominantly affected by the
heat flux distribution on the chip interface. Sharma et al. [3]
have introduced a normalized temperature difference to enable
comparison between scenarios with different levels of heat flux
non-uniformity. In their definition, the temperature difference
between the maximum and minimum temperature on the chip
interface is normalized by the ratio of hotspot heat flux to
background heat flux. The normalized temperature difference
is adopted here to characterize the temperature uniformity of
the chip interface.

T, -T
AT — bot,max bot,min (3)

q v v
qhs / qbg
where Thotmin 1S the minimum temperature on the chip interface.
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Fig. 4. Definitions of different temperatures and a thermal resistance network
that includes spreading, 1D conduction, and convection thermal resistances.

Heat spreading is another important consideration in the
design of cooling solutions for microelectronics. It is often
characterized by thermal spreading resistance Rs, max, Which is
defined by the temperature difference between the maximum
and average temperature of the heat flux surface.

RS - — 7—l}ot,max - l:ot,ave " ( 4)
: A, +q, A P
qbg bg qhs hs

where Thoave 1S the average temperature of the bottom surface.
A large thermal spreading resistance indicates a high peak
temperature and a non-uniform temperature distribution.
Therefore, the suppression of heat spreading is often desired in
hotspot-targeted cooling solutions.

III. RESULTS AND DISCUSSION

A. Effects of TSV Diameter

A circular thermal TSV with a diameter of drsy=100 um is
first integrated with jet impingement cooling and benchmarked
by comparison with different cooling schemes. The total
thermal resistance and normalized temperature difference are
calculated and compared in four cooling solutions:

(1) Conventional cooling solution (Uniform HTC).
(2) Conventional cooling solution with thermal TSV
(TSV only).
(3) Impingement jet cooling solution (Jet only).
(4) Impingement jet cooling solution with thermal TSV
(Jet+TSV).
To allow a fair comparison, the effective convective HTC in
conventional cooling solutions is set the same as the average
HTC in jet cooling solutions.

The overall thermal resistance and normalized temperature
difference calculated from CFD simulations are shown in Fig.
5. The results indicate that compared to conventional cooling
solutions with uniform HTC, both jet impingement cooling and
thermal TSV decrease the peak temperature and increase the
temperature uniformity. The jet impingement cooling shows a
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Fig. 5. Comparison of overall thermal resistance and normalized temperature
uniformity in different cooling solutions. The hybrid jet impingement/thermal
TSV cooling scheme shows the lowest overall thermal resistance and
normalized temperature difference.
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better performance in reducing overall thermal resistance while
thermal TSV exhibits a larger decrease in normalized
temperature difference. The hybrid cooling solution integrates
thermal TSV with jet impingement cooling and thus combines
the advantages of both sides to make a cooling solution with the
lowest peak temperature and best temperature uniformity.
Moreover, it is noted that the 1D conduction resistance shows
some difference between cooling solutions. However, the 1D
conduction resistance only accounts for a very small part of the
total thermal resistance and may only have limited numerical
accuracy due to the extremely small temperature difference
between the bottom and top surface of the solid domain (~0.1
K). Therefore, the discussion on the variation of 1D conduction
resistance may not be meaningful and is not included here.
The mechanisms behind the superior cooling performance
of the hybrid jet impingement/thermal TSV cooling scheme can
be explained by analyzing heat spreading in the solid layer. As
shown in Fig. 6, the cross-sectional temperature profile of the
solid layer is plotted for different cooling solutions. In a
conventional cooling scheme, the uniform HTC distribution on
the top surface results in significant heat spreading. The high
heat flux in the hotspot region spreads to the whole top surface
and thus generates a large spreading resistance, which increases
the overall thermal resistance and decreases the temperature
uniformity. With a non-uniform HTC generated by jet
impingement, the heat flux first spreads and then shrinks toward
the high-HTC stagnation region near the nozzle region, which
confines the heat spreading to some extent. In addition,
compared to the conventional cooling solution, as more heat
flux is concentrated and dissipated in the high-HTC region, the
effective HTC is increased, leading to a lower convection
thermal resistance. Applying a thermal TSV can further
suppress heat spreading as the higher thermal conductivity of

copper TSV than the silicon layer considerably restricts the
horizontal spreading of heat flux from copper to silicon. Thus,
the hybrid jet impingement/thermal TSV cooling shows a
minimum heat spreading and the lowest overall thermal
resistance.

As thermal TSVs with large volumes occupy valuable space
for signal routing and may bring about fabrication challenges,
one of the most important design objectives in this hybrid
cooling scheme is to minimize the material usage or volume of
the thermal TSV. The cooling performance of circular thermal
TSVs with different diameters is first evaluated to study the
effects of TSV dimensions. Fig. 7 shows the overall thermal
resistances and normalized temperature differences at different
diameters of thermal TSV. The results indicate that, with the
enlargement of thermal TSV, both the peak temperature and
temperature uniformity first decrease rapidly and then more
slowly after reaching ¢,=100 pm. When the TSV diameter
exceeds d»=300 pum, the overall thermal resistance remains
almost invariant, and the normalized temperature difference
shows a gentle increase with the TSV diameter.

As shown in Fig. 7, the variation of cooling performance with
TSV diameter can be divided into three regimes according to
the changing trends. Three different TSV diameters are selected
from the three regimes respectively. The temperature
distribution is plotted along the diagonal direction of the chip
interface (blue dotted line in Fig. 2b) and compared at different
TSV diameters, as shown in Fig. 8.

In the first regime, the cross-section of thermal TSV stays
inside the hotspot region. Fig. 8 shows that as the thermal TSV
cannot cover the whole hotspot region, the temperature
distribution shows a sudden drop at the center due to the
transition to the TSV region. In this regime, with TSV diameter
increases, more area of the hotspot region is overlapped with
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Fig. 8. Diagonal temperature distribution on the chip interface at different
TSV diameters. The temperature rise is defined as the difference between inlet
temperature and chip temperature.

the copper TSV. The thermal TSV is able to cover a larger
fraction of hotspot heat flux, resulting in a more predominant
suppression of heat spreading and better temperature
uniformity. Besides, the enlargement of thermal TSV also
contributes to the reduction of overall thermal resistance by
decreasing the 1D conduction resistance with lower effective
thermal conductivity.

In regime II, although the large thermal TSV restricts the
heat spreading from TSV to the surrounding silicon layer, the
hotspot heat flux can spread in the bulk of copper TSV as the
size of the TSV becomes larger than the hotspot region. The
heat spreading in copper TSV increases the spreading resistance
and adversely impacts the temperature uniformity.
Nevertheless, the benefits of confining copper-to-silicon heat
fluxes still overweight the heat-spreading effects in bulk
copper, resulting in a gentle enhancement of cooling
performance with the enlargement of TSV.

As TSV diameter approaches regime III, the heat spreading
in copper TSV becomes dominant and eliminates the benefits
of TSV on spreading resistance. The spreading resistance starts
to increase with the TSV diameter, leading to a larger
temperature difference. In this regime, even though TSV
enlargement can still decrease the 1D conduction resistance, it

will be neutralized by the increasing spreading resistance,
causing an almost invariant overall thermal resistance. As
shown in Fig. 8, compared with thermal TSV in regime II
(drsv=150 pm), the thermal TSV in regime Il (drsy=350 pum)
shows a lower peak temperature due to a reduced overall
thermal resistance. However, a lower minimum temperature is
also found in the case of drsy=350 pm, illustrating that the heat
spreading in thermal TSV adversely affects the temperature
uniformity.

B. Effects of TSV Shape

Another design factor that might affect the thermal

performance of the design is the cross-sectional shape of
thermal TSV, which can be modified by lithography during the
fabrication process. We first evaluated and compared the
cooling performance of thermal TSVs with circular and square
cross-sections. As shown in Fig. 9, the normalized temperature
difference and overall thermal resistance of square TSV are
both very close to that of circular TSV under the same cross-
sectional areas. According to the results, we can assume that the
cross-sectional shape only has minimal influence on the
performance of the hybrid cooling solution.
To further verify our assumption, we have performed CFD
simulations to assess the performance of TSVs with different
shapes. In addition to the circular and square TSVs, TSVs with
a diamond-shaped cross-section and a star-shaped cross-section
are tested. As shown in Fig. 10, the diagonal temperature profile
of the chip interface is plotted for TSVs with different shapes
and the same cross-sectional area. The results illustrate that no
significant difference is observed between them, which
demonstrates our assumption that the cooling performance
mainly depends on the TSV cross-sectional area instead of the
shape.

C. Effects of TSV Density

Although the hybrid jet impingement/ thermal TSV cooling
solution can enhance temperature uniformity, there is still an
obvious temperature rise in the hotspot region due to the
mismatch between the HTC distribution and heat flux
distribution. The heat flux in the hotspot region can achieve ~30
times higher than the background heat flux [20], requiring the
same multiplication of effective HTC in the hotspot region to
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achieve an ideally uniform temperature distribution. However,
the HTC of the stagnation region is typically less than 10 times
larger than that in the wall jet region in conventional jet cooling
schemes [15].

Several surface enhancement methods have been proposed
to increase the effective HTC by strengthening the convective
heat transfer in the hotspot region, such as the application of
porous media and silicon micro-fins on the die surface [12], [13].
Here, we present an idea that fabricates an array of TSVs near
the hotspots and exposes them to the impingement jet by etching
the silicon layer as shown in Fig. 11. Our design utilizes the
exposed TSV array as micro-fins to enhance convective heat
transfer in the hotspot region, which combines surface
enhancements with thermal TSVs to further strengthen the heat
dissipation from hotspots. Compared to silicon micro-fins,
thermal TSVs are made of metal materials with high thermal
conductivities and thus have higher fin efficiency. Moreover,
this design eases the fabrication process as thermal TSVs and
micro-fins are manufactured simultaneously by a TSV
fabrication process followed by silicon etching. It is also worth
noting that thinning the silicon substrate can change the
spreading and conduction resistance and thus affects the thermal
performance. However, compared to the predominant effects of
convective heat transfer enhancement brought about by the
exposed TSVs, silicon thinning only has minor effects.
Moreover, the spreading resistance varies distinctively with the
substrate thickness at different conditions [21], causing
difficulty for qualitative analysis, especially for the complicated
system proposed here.
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Fig. 11. Fabrication process of exposed TSV array. (a) Thinned silicon
substrate. (b) An array of vias is fabricated in silicon by DRIE etching. (c) A
copper seed layer is deposited by physical vapor deposition (PVD). (d)
Bottom-up electroplating of copper TSVs. (e) Excessive copper is polished by
chemical mechanical polishing (CMP). (f) The TSV array is exposed by the
backside etching of the silicon layer.

The cooling performance of the exposed TSV array is
benchmarked by comparison with the buried TSV array and a
single TSV with the same cross-sectional area. 11x11 TSVs
with a diameter of drsy=5 um are regularly arranged in the
hotspot region to form an array. The surrounding silicon layer is
etched 50 um for exposing the TSV array to the impingement
jet. As shown in Fig. 12, the diagonal temperature distribution
on the chip interface is calculated for different cases. The results
illustrate that either exposing the single TSV or TSV array leads
to a lower peak temperature while the exposed TSV array
remarkably increases the temperature uniformity. Among the
four cases, the scheme with the exposed TSV array shows the
best cooling performance, illustrating a significant improvement
compared to either single TSVs or the buried TSV array.

Moreover, the effects of Si thinning are analyzed as the Si
thickness can vary the length of the exposed part of the TSV
array and also influence the spreading and 1D conduction
resistances in the solid domain. CFD simulations are performed
for exposed TSV arrays with different Si thicknesses, which is
denoted as ts; here. As shown in Fig. 13, the difference between
maximum and minimum temperature keeps decreasing with the
decreased Si thickness, indicating better temperature uniformity
at low Si thicknesses. The temperature peak also monotonically
decreases with the decrease in Si thickness, showing a reduction
in total thermal resistance. The better temperature uniformity
and lower total thermal resistance can be attributed to the effect
of thinning the silicon layer. Si thinning enhances the convective
heat transfer by exposing more TSV array and also reduces the
1D conduction resistance by decreasing the thickness of the
solid domain, leading to a better cooling performance of the
TSV array. Besides, the Si thinning should also have effects on
heat spreading. However, due to the complexity of the system
and the different changing trends of spreading resistance at
different conditions [21], the effects of Si thickness on the
spreading resistance are hard to analyze and need further in-
depth studies. It is also worth noting that the average
temperature at 75=25 um is apparently larger than at #5=50 um,
which is assumed to be attributed to the large distance between
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Fig. 12. Comparison between buried and exposed single TSVs and TSV
arrays. The cross-sectional area is kept the same for all four cases. (a)
Schematics of different thermal TSVs. (b) Diagonal temperature profile. The
cooling solution with an exposed TSV array shows the lowest temperature
peak and best temperature uniformity.

the silicon substrate and the impingement point of the jet (at the
top of the TSV array) due to Si thinning.

Furthermore, the exposed TSV arrays with different array
densities are investigated as the density of the TSV array can
affect both the heat transfer and flow characteristics of the
cooling solution. It can be predicted that as the TSV array
becomes denser, the total surface area of the micro-fins increases
and thus facilitates the convective heat transfer. However, the
gap between the TSVs is reduced at large array densities,
resulting in huge flow resistance in the microchannels between
TSVs. The increased flow resistance hinders the impingement
jet from flowing into the TSV array, leading to a strong bypass
flow, and adversely impacting the heat transfer between TSVs
and fluids. The simulated flow velocity distribution on the cross-
sections of the TSV arrays is shown in Fig. 14. Compared to a
5x5 TSV array where the maximum velocity appears inside the
TSV array, the flow field near the 11x11 TSV array is similar to
the case with a single TSV, where the mass flow rate
concentrates near the side surfaces of the TSV array, indicating
a dominant bypass flow. For an 11x11 TSV array, although
there is still some fluid that can flow through the TSV array,
especially in the top part of the array, the enlargement of the
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Fig. 13. Comparison of the temperature profile at different Si thicknesses.
Both the peak temperature and the temperature difference decrease with the
decreasing Si thickness.
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Fig. 14. Velocity profile of fluids on the cross-sections of TSV arrays with

different densities. (a) Single TSV with drsy=55 pm. (b) 5x5 TSV array with
drsv=11 pm. (c) 11x11 TSV array with drsy=5 pm.
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Fig. 15. Overall thermal resistance and normalized temperature difference at
different TSV densities. Increasing TSV density shows no benefits at
I’lTsv>4.9X 1 05 Cmﬁz.

total surface area fails to eliminate the bypass effect, hindering
the continuing enhancement of the cooling performance with
TSV density.

As shown in Fig. 15, the peak temperature and temperature
difference first rapidly decreases with the array density due to
the enlargement of the total surface area. After the density
exceeds (n1sv)op=4.9%10° cm™2, a denser TSV array shows no
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significant benefit on the cooling performance due to the
dominant effects of increasing flow resistance in the TSV array.
The simulation results are in good agreement with our
predictions.

In addition, considering that the array density can affect the
flow characteristics of the impingement jet, we also evaluated
the system pressure drop at different TSV densities. The
difference between the inlet and outlet pressure is defined as the
pressure drop. The pressure drop is calculated at all the studied
TSV densities. The results show that the pressure drop values
are all in the range of 20.28 kPa ~20.41 kPa, and the relative
variation is less than 0.4%, indicating that the effect of array
density on the pressure drop is negligible.

IV. CONCLUSIONS

In this paper, a hybrid jet impingement/ thermal TSV cooling
scheme is proposed to eliminate hotspots on chips. CFD
simulations are performed to benchmark the cooling
performance of the scheme by comparing it with three other
reference cooling solutions. The effects of TSV diameter and
cross-sectional shape are investigated to achieve an optimal
design with minimum routing space occupied. Moreover, a
design with an exposed TSV array is presented, which utilized
the TSV array as a surface enhancement to further increase the
cooling performance. The effects of TSV array density are
investigated. The main conclusions are as follows.

(1) The proposed cooling solution combines the superior
heat conduction of thermal TSV and the strong
convection in the stagnation region of the impingement
jet to facilitate heat dissipation from hotspots.
Compared to other cooling solutions, the proposed
solution shows both a significant improvement in
temperature uniformity and a remarkable reduction of
overall thermal resistance.

(2) As the TSV diameter increases, both the peak
temperature and temperature difference first decrease
rapidly and then remain almost invariant after reaching
a critical diameter. The excessive enlargement of
thermal TSV brings about no benefits due to the
stronger heat spreading in the bulk of TSV. The cooling
performance of the solution mainly depends on the
cross-sectional area instead of the shape of the TSV.

(3) The effective HTC can be further increased by
fabricating an array of TSVs in the hotspot region and
exposing TSVs to the impingement jet by etching the
surrounding silicon layer. The simulation results
indicate that the exposed TSV array remarkably
enhances the convective heat transfer and improves the
cooling performance. As the array density increases,
the total surface area of TSVs is enlarged while the
flow resistance in the array is increased, rendering an
optimal value of array density.
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