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ARTICLE INFO ABSTRACT
Keywords: Thermal management is one of the major challenges facing the development of three-dimensional (3D) chip
Nanoparticle concentration stacks. Recently, experimental studies have shown that neck-based thermal structure (NTS) between chip layers

Drying temperature

formed by drying of colloidal suspension in cavity filled with micro-size particles can improve the vertical heat
Surface wettability

. : conduction threefold. However, a deep understanding of the mechanisms of neck formation and its influence on
Colloidal suspension L . . . . s
Heat conduction heat conduction is still lacking. In this paper, we numerically study the effects of three parameters, i.e., initial
3D chip stacks nanoparticle concentration, drying temperature and chip surface wettability on neck formation between filler

particles and on the resulting heat conduction of the NTS. With increasing nanoparticle concentration, the size
and number of necks increase, resulting in an increased effective thermal conductivity (ETC) of NTS. The drying
temperature is found to have only little influence on the ETC of resultant NTS, while the neck size and spatial
distribution become more uniform at higher drying temperature. When reducing the wettability of the top and
bottom surfaces of the cavity, the necks shrink in size until completing evacuating at the top and bottom layers,
while the size of the necks between filler particles in the middle height of the cavity expands slowly. In
consequence, the ETC of NTS drops at an increasing rate. Being able to reveal the underlying multiple mecha-
nisms of two-phase flow, phase change and heat transport, the current numerical study suggests optimal values
for the deposition process, with initial nanoparticle concentration over 0.8%, a drying temperature of 60°C and a
uniform contact angle of 30° for practical production of NTS.

illustrated in Fig. S1 in Supplementary Materials. Compared to con-

Note: Only frequently used symbols are described here. All symbols ventional spreading 2D chip design resulting in possible delay in power/
below with physical units have corresponding lattice units in signal delivery between different components, this 3D chip integration
simulations. avoids the interconnect delay problems while saving energy by having

short vertical interconnects with “through silicon via” (TSV) replacing
1. Introduction the wire connections used in 2D chip designs [7,8]. Moreover, the
increased integration density reduces the chip area, making a smaller

With the rapidly increasing demand of computational power, such as chip size possible. Another improvement is the co-integration of het-
direct numerical simulation of fluid dynamics and deep learning algo- erogeneous components, which can combine various functions more
rithms, a much higher performance of computer chips is eagerly conveniently: logic, memory, MEMS and RF are examples of these as
required. As a promising technique, the development of three- shown in Fig. S1 in Supplementary Materials [9]. Therefore, 3D inte-
dimensional (3D) integrated chip stacks has become an active research gration can significantly improve the performance of the overall system
area in last few decades [1-7]. In a 3D integrated chip stack, two or more involving all functional components. Despite these promising

layers of active electronic components are integrated vertically, as
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Nomenclature

Symbols Terms (Units)

CAg, contact angle of filler particle (°)

CA¢p contact angle of top cover and bottom substrate (°)
dg,,dy,  average filler particle, neck diameter (um)

~a

d"eck,a;eck normalized average, total neck diameter (-)

P pressure (Pa)

q heat flux (W/mz)

g normalized total heat flux in a certain region (-)

ry,ro curvature radii of pores in different directions (um)

T,Tip,Thoe temperature, temperature of top cover, bottom substrate
(°C/K)

T, T4,Ten critical, drying, environment temperature (°C/K)

Vey volume of cavity between two chip layers (um?)

V§,Vaq average filler particle, neck volume (um?)
VeV oV

ek total filler particle, neck, deposited nanoparticle

volume (um?)
~a
Vneck

ViV,

neck>

normalized average neck volume (-)

Vt normalized total filler particle, neck, deposited
nanoparticle volume (-)
AAefr, ETC) (effective) thermal conductivity (W/mK)

plpp,)  density (liquid, vapor) (kg/m3)

o surface tension (N/m)

up initial concentration of nanoparticles (-)
FPC filler particle configuration (-)

LBM lattice Boltzmann model (-)

NTS, PTS neck-based, percolating thermal structure (-)

advantages, 3D integration is still confronted with critical challenges
before it can be successfully applied in industry, such as design chal-
lenges, overheads induced by TSV, crosstalk between different layers
and thermal issues [4,9]. Heat removal is a major challenge for 3D chip
stacks due to the high power density of the 3D integration and the low
thermal conduction between the different layers. This paper focuses on
the thermal issues and potential alleviation strategies for enhancing heat
transport.

Heat removal can occur through gas, liquid or solid phases. Backside
air cooling is typically used in industrial applications [10-12]. However,
although air cooling is cost-effective and reliably manageable, the
maximum allowable heat dissipation is limited and not applicable for 3D
chip stacks. Given that the heat transfer coefficient for liquid flow is
much higher than the one for air flow, on-chip liquid cooling has been
proposed to replace air cooling [13-17]. However, the on-chip micro-
fluidic cooling exhibits several severe limitations in terms of reliability
concerns, such as damages to the semiconductor chip due to high liquid
pressure drop and temperature non-uniformity on the chip along the
flow direction [18]. An alternative approach is to use flow boiling to
convert the heat generated from chips to latent heat by liquid vapor-
ization [19-22]. With such two-phase flow boiling, a reduced fluid flow
rate is required leading to a smaller pressure drop, which can diminish
the temperature non-uniformity at the chip surface [23]. Flow boiling
can cause instability, i.e. the liquid-vapor interface may oscillate back
and forth between the channel inlet and outlet [24]. Liquid and flow

1 Centrifugation

@

Chip layer

Neck-based thermal structure

boiling on-chip cooling share the risks of using a liquid as coolant. For
instance, liquid leakage can cause shortcut of the electronic elements. In
addition, the fluid channels between the chip layers occupy a lot of
space, making it difficult to form an effective bonding between different
chip layers with sufficient mechanical strength. A resultant lack of me-
chanical strength may cause failure of the whole system. With heat
removal using gas or liquid being non-satisfactory, heat removal by
conduction in solids remains a strong option.

In the last few years, percolating thermal structures (PTSs) and neck-
based thermal structures (NTSs) between vertical chip layers have been
proposed to improve heat conduction in 3D chip stacks [25-29]. PTSs
and NTSs are reported experimentally to increase heat conduction two-
to threefold, compared to state-of-the-art capillary thermal structures
(CTSs) [27]. NTS is the structure that retains the interest of this paper
due to its relatively higher heat removal performance. The fabrication
process of NTS in 3D chip stacks consists overall in 4 main steps,
including centrifugation of filler particles between two chip layers, in-
jection and evaporation of colloidal nanosuspension for neck formation,
injection of viscous matrix material (epoxy, for instance) by capillary
action and final curing of matrix material. The main fabrication steps are
illustrated in Fig. 1, and more details can be found in [27]. The NTS does
not bear the disadvantages of single- or two-phase cooling, such as liquid
leakage, pressure drop or instability problem. Moreover, NTS shows a
high mechanical strength with the adhesive bonding of the matrix ma-
terial [27]. Therefore, NTS has a high potential to be applied in

Colloidal nanoparticle

Colloidal liquid

/Drying

———

e

Fig. 1. Illustration of the main fabrication steps of neck-based thermal structure.
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fabrication of 3D chip stacks. Although the thermal performance of NTS
has been investigated experimentally [25-29], an in-depth under-
standing of the mechanisms of neck formation and its influence on heat
conduction of NTS is still lacking and needs to be explored more sys-
tematically. As a powerful numerical approach, the lattice Boltzmann
method (LBM) has been applied to study complex multi-phase [30-33],
thermal [34-37] and particulate flows [38-41], as well as flow in porous
media [42-44]. In our recent work [57], we have applied a tricoupled
hybrid LBM [39,40] to study the drying of colloidal suspension in cav-
ities with micro-size filler particles to form necks and thus to produce the
NTS, and further evaluate the thermal performance of the NTS with a
thermal LBM [45-47]. The modeling results are validated with experi-
mental results from [27] in terms of neck size and effective thermal
conductivity (ETC) of the NTS, in three different filler particle config-
urations of very similar filler particle volume fraction. However, we note
that these processes can be influenced by the properties of liquid and
nanoparticles [48-52], the drying temperature or temperature gradient
[53,54], and drying conditions like air convection [55,56]. Further-
more, the neck formation influences the thermal performance of the
resultant NTS. Therefore, a parametric study of the influential factors on
neck formation and resultant thermal performances of NTS is eagerly
demanded to assist the engineering design and production of NTS.

In this paper, with the validated tricoupled hybrid LBM and thermal
LBM [39,45,46,57,58], we study the influences of three parameters on
neck formation as well as the thermal performance of resultant NTS,
including initial nanoparticle concentration, drying temperature and
surface wettability of the chip layer. The mechanisms occurring during
the studied processes are analyzed accordingly. The arrangement of the
paper is as follows: the numerical models and validations are first given
in Section 2, then the influences of initial nanoparticle concentration,
drying temperature and chip surface wettability are analyzed in Sections
3, 4 and 5 respectively, while Section 6 concludes the present work with
practical suggestions for the NTS production.

2. Numerical models

In this section, we briefly introduce the numerical models, i.e. a
tricoupled hybrid LBM and a thermal LBM, for studying colloidal
nanoparticle deposition as well as heat conduction in this paper. After-
wards, these models are validated for nanoparticle deposition in a
micro-porous structure and evaluation of ETC in resultant NTS. For more
detailed information on these models, the reader is referred to
[30,34,39,45,58].

2.1. Tricoupled hybrid LBM

The tricoupled hybrid LBM is developed for simulating non-
isothermal drying of colloidal suspension capable of dealing with
different liquid properties, nanoparticle concentration, drying temper-
ature, surface wettability and porous medium geometry [39,40,58]. This
model consists of three sub-models, i.e. a pseudopotential LBM for
isothermal two-phase flow [30], an extended temperature equation for
heat convection/conduction and latent heat [34], and a modified con-
vection diffusion equation for particle transport and deposition [39].
The sub-models and their coupling are introduced as following.

2.1.1. Isothermal two-phase pseudopotential LBM
When considering two-phase flow under isothermal condition, a
pseudopotential LBM can be used with the following form:

fix vt t+6t) =f = (1= B)filx, 1) + B (x,1) + F,, M

where x is the location vector, t the time, 6t the time step, v;,i=1,...,Q
the discrete velocities. f{? is the equilibrium density population obtained

by maximizing the entropy S[f] = —2?:1 filn (fW) under fixed density
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and momentum p = Y27, pu = 2 vff? while W; are the lattice
weights. f is a free parameter to adjust the fluid kinematic viscosity v by

v =c? (217, - %) , where ¢; = 6x/(+/36t) is the lattice speed of sound. For

standard LBM, 6x = &t = 1 are used with a lattice speed of ¢ = 1. f is
the mirror state population constructed from the entropy maximization
of the summarized post-collision population f; at each lattice site and
time step, by properly relaxing high-order moments [30].

F; = f{%(p,u + Au) —f%(p,u) in equation (1) is an external force term
which incorporates the fluid—fluid cohesive force F, for phase separation
and fluid-solid adhesive force F,, for realizing various wettability. The
velocity increment is Au = Fét/p with the total force F = F; + F,,. With
this force scheme, the real velocity of the two-phase fluid is uy = u +
Au/2. The expression of the fluid—fluid cohesive force is [59]:

Q
Fo=—y@) Y w(l®)[Giy(x +v) + Goy(x + 20) v, @

i=1

where the interaction potential is y = \/ 2(Pgos — pc2) /(G1 + 2G2)c?
and Gi, Gy are the tuning coefficients for realizing different surface
tensions ¢ independent of temperature ratio [30]. Pg,s is the equation of
state (EoS), and here we adopt the Carnahan-Starling EoS [60]. w(|vi|*)
are the force weights, which are used in both F. and F,,. The fluid—solid
adhesive force F,, is represented as:

F,=—y(x) Z w(il?) Gy (p,)I(x +v:) + Goaw(p, ) (x +2v) vi,  (3)

i=1

where I is the indicator function that equals unity at solid nodes and zero
at fluid nodes and p,, is the parameter to determine surface wettability.
By varying p,, from liquid density p; to vapor density p,, different values
of contact angle from around 0° to 180° can be realized [30].

2.1.2. Extended temperature equation
When dealing with non-isothermal liquid evaporation, heat con-
vection/diffusion and latent heat for phase change should be considered.
Based on local balance law of entropy and neglecting the viscous heat
dissipation, the extended temperature equation is written as [61]:
T

_ 1 OPros
0T = —upVT+-=V (AVT)prV< i >pv ” @

where T, p, 4, cy are the fluid temperature, density, thermal conductivity
and specific heat capacity at constant volume, respectively. The three
terms on the right-hand side represent heat convection, conduction and
latent heat, respectively. This equation is solved with the finite differ-
ence method using a second-order Runge-Kutta scheme [34]. The
coupling of two-phase pseudopotential LBM and extended temperature
equation is two-way, i.e. at each iteration, the flow variables of density,
velocity and pressure computed from the pseudopotential LBM are first
used in the extended temperature equation for updating the tempera-
ture, then the updated temperature is inserted into the EoS to prepare for
computing the flow variables by the pseudopotential LBM in the next
iteration.

2.1.3. Modified convection diffusion equation

The coupling of two-phase pseudopotential LBM and extended
temperature equation described above allows to study non-isothermal
liquid drying. To further model drying of colloidal suspension, the
transport and deposition of nanoparticles have to be considered. Here
we apply a Eulerian model to represent the nanoparticle as a solute, and
the governing equation is [39]:
o

E+V~(d)u,,) =V-(D,V¢), (5)
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where ¢ represents the nanoparticle concentration, and u,, is the nano-
particle transport velocity modified as u, = usn, +Au, from the fluid
velocity. We use us,, = uy in liquid, where uy is the liquid velocity ob-
tained in two-phase LBM and u,, = 0 in vapor since nanoparticles can
only be present within the liquid phase. The velocity increment Au, =
Fpdt/p, models the fluid-particle interaction F, described as:

Fy= —w(p,) Y w(nil*) G (x +v) + Gy (x +20) v, (6)

i=1
where /' is a modified potential of y from equation (2) [39]. In this way,
the nanoparticle velocity u, can represent both its convective motion in
the liquid and accumulation around the liquid-vapor interface during
drying. The diffusion in liquid phase is described by the right-hand side
term of equation where D, is the diffusion coefficient derived from the
Stokes-Einstein equation [39]. In the experiments [27] and our current
simulations, the estimated Peclet number of nanoparticles is Pey, = UH/
D,710? [57], where U, H are the characteristic velocity of liquid flow
and cavity height between chip layers, respectively. The high Pey, in-
dicates that the nanoparticle diffusion time scale is much longer than the
convective time scale due to liquid capillary flow induced by drying.
Therefore, the nanoparticle transport time scale is basically the same as
the liquid drying time scale. Nanoparticle deposition occurs when the
local concentration reaches 1.0 and it is adjacent to a solid surface or
another deposition. To conserve the nanoparticle mass, a zero-flux
boundary condition is applied at the solid boundary. More details of
the boundary conditions are referred to [39,57]. We note that the
nanoparticle surface wettability is not considered by assuming nano-
particle to be always fully immersed in the liquid phase. Similar to the
extended temperature equation, equation is also solved by a second-
order Runge-Kutta scheme.

The coupling between non-isothermal two-phase flow and nano-
particle transport and deposition is also two-way, i.e. the nanoparticle
velocity is modified from the fluid velocity while the deposited nano-
particles can affect the fluid flow.

2.2. Thermal LBM

We apply a thermal LBM here to solve the heat conduction equation
for temperature and heat flux distribution in NTS, and further evaluate
the ETC of NTS. The heat conduction equation with no phase change and
no convection is written as [45]:

(pcy )maa—T = A, VT )

t

where the subscript ps represents different phases or components, which
are filler particles, nanoparticle necks and epoxy in this paper. The other
parameters p,cp, T, t and 4 are density, specific heat capacity, tempera-
ture, time and thermal conductivity, respectively. Equation (7) is solved
by the following thermal LBM neglecting the thermal contact resistance
of different phases or components at their interfaces [46]:

L e 1) — g(x, 1) ®

gi(x + vt t +6t) — gi(x,1) = -
ps
where g7 is the equilibrium form of temperature distribution and y; is
the relaxation time. Here we use a three-dimensional fifteen-velocity
(D3Q15) LBM where [46]
9 Aps

Tps = 5 W—FO.S ©)

and ¢ is a pseudo sound speed whose value can take any positive value
theoretically only to ensure the value of 7, within (0.5, 2) [45]. In this
way, the temperature T and heat flux q can be solved as:
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T=> s
T, — 0.5
a=(pc,),, <2g> =03

(10$)
T[)x
Moreover, the ETC (1) can be evaluated by the following equation:

L [ qdA
s 11
AT [aA’ an
where q is the steady state heat flux through the cross section dA with a
temperature difference AT over the distance of L. We note that we only
use the steady state version of equation (7) to determine the effective
thermal conductivity.

2.3. Model validations

The tricoupled LBM has been validated by comparison of nano-
particle deposition after drying of colloidal suspension with experi-
mental results in different micro-porous structures [39,58]. The thermal
LBM has also been validated by evaluating ETC in different composite
structures [45,46,62]. We have further validated these models consid-
ering the micro-porous structure of our 3D chip stack with details shown
in [57]. Here we give a brief overview of the validations considering the
colloidal nanoparticle deposited neck structure and ETC of the resultant
NTS in [57].

2.3.1. Neck formation by colloidal nanoparticle deposition

As illustrated in Fig. 1, the filler particle configuration (FPC) is first
obtained in the experiment by centrifugation of micro-sized filler par-
ticles into the cavity between two chip layers [27]. In our modeling, the
FPC is realized using the discrete element method LIGGGHTS 3.3.1. Our
FPC size is about 240 x 240 x 60 ym? including 82 filler particles with
the diameter of 34 + 2 pm, resulting in a filler particle volume fraction of
around 48.8%, as shown in Fig. 2a. Specifically, the FPC has 9, 23, 21, 21
and 8 (for a total of 82) filler particles with diameter of 32, 33, 34, 35
and 36um, respectively. The filler particle volume fraction is defined as

V}p = V)g, / Ve, where V}p and V,, represent the total filler particle volume

and cavity volume, respectively. The contact angle of all the surfaces, i.e.
the two chip layers and the micro-sized filler particles is 30° in this
simulation. Due to the limitation of computational resources, this system
is small compared to the actual chip size [27], but similar relative filler
particle volume fraction (48.8% in simulation and 47% in experiment)
and filler particle size (34 &+ 2 pm) ensure that the simulation domain is
employed as an appropriate unit volume element.

Afterwards, an alumina nanoparticle (spherical) suspension with a
concentration of ¢,, = 3.7% is injected into the FPC for evaporation
under a heating temperature of 60 °C (333.15 K) [27]. The colloidal
liquid is deionized water. At the drying temperature 60 °C, the density,
dynamic viscosity, surface tension, thermal conductivity and specific
heat capacity are 983 kg/m®, 0.066 N/m, 4.66x 104 N.s/m?
0.65 W/mK and 4.17 kJ/kgK, respectively. In current study, we do not
consider the effect of nanoparticle concentration on colloidal liquid
properties. With a room temperature of 25 °C (298.15 K), the temper-
ature difference between the heating temperature and the environment
is 35 K. With the water critical temperature (T.) of 647 K, the ratio of the
temperature difference to the critical temperature becomes
35/647 ~ 5.5%. In the current simulation, the setup shown in Fig. 2a is
to represent the drying condition in the experiment aforementioned. We
use Teq =0.75T; with a density ratio of p;/p, ~ 30 to represent
isothermal conditions (25 °C), due to the limitation of our current LBM
model in simulating the real density ratio of around 1000, which would
require T = 0.46T,.. The drying temperature T; in simulations is ob-
tained by ensuing the same relative temperature difference as in
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(a) T =0.75Tc (25 °C)
T, = 0.805Tc z
(60 °C

colloidal suspension

Applied Thermal Engineering 187 (2021) 116585

Fig. 2. Neck formation by drying of colloidal suspension with the initial nanoparticle concentration ¢,, = 3.7%. (a) Simulation setup. (b) Intermediate state during
the drying process (full drying process in Supplementary movie 1). (c) Final neck formation after drying completed.

experiment, i.e. dT = (T4 — Teq)/Tc. Thus, the drying temperature is set
as Ty = (0.75 + 0.055)T. = 0.805T, for the whole system, including the
top cover, bottom substrate, colloidal suspension and filler particles, to
be compatible with the experiment. The equilibrium temperature T,y =
0.75T, is considered as the environment temperature (25 °C) at the
boundaries of the four lateral sides. The contact angle of all the surfaces,
i.e. the two chip layers and the micro-sized filler particles is 30° in this
simulation.

Fig. 2b illustrates an intermediate state during the drying process and
Fig. 2c shows the final neck formation after complete drying with initial
concentration ¢,, = 3.7%. From Fig. 2c we can see that the necks only
form at the locations with smallest curvature radius, i.e. the gap between
adjacent filler particles (Neck,_,), between filler particle and top cover
(Neck,_;), and between filler particle and bottom substrate (Neck,_3),

which are the same as observed in the experiment [27]. To quantita-
tively validate the model, we compare the simulated neck size with
experimental results. In the experiment of [27], the normalized average
~a
neck size at the top and bottom d,,(Neck, ¢pp) =
i (Necky_pb) /dg, (Necky_cp_p), i.. the ratio of average neck diameter
and average filler particle diameter at the top and bottom is measured to
be around 40%. In current simulation, it is calculated as 39.4%, which is
very close to the experimental result. To test the dependence of our
results on geometry, we have done simulations with three different FPCs

with similar filler particle volume fraction \7]; = 48.8%, 48.0%,47.1% in

[57], and the resultant dneck (Necky_ip-p) = 39.4%,41.7%,42.2% are
very close, indicating a high accuracy of the tricoupled hybrid LBM.

5\/

s \ / \ /A,\r/:::

—A— Bottom
-u- Top

2 4 6 8 10
Part sequence

Fig. 3. Thermal performances of the neck-based thermal structure (NTS). (a) Simulation setup of NTS with the top and bottom temperatures Ty, = 1 and Tj,; = 2 and
the four lateral sides adiabatic. (b) Temperature distribution with isolines (black) at the slice of y = 147 and the white lines denoting the boundaries of the filler
particles. (c) Heat flux distribution at the slice of y = 147, with black lines being temperature isolines and white lines denoting the boundaries of filler particles. (d),
(e) Heat flux at the bottom substrate and top cover with 9 equal-sized parts divided by white dash lines. (f) Normalized heat flux §* of 9 parts at bottom substrate and

top cover.
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2.3.2. Thermal performance of resultant NTS

After the validation of tricoupled hybrid LBM for neck formation by
drying of colloidal suspension, we now validate the thermal LBM by
evaluating the ETC of resultant NTS. The simulation setup is shown in
Fig. 3a, where the top cover and bottom substrate temperatures are set
as Typ = 1 and Ty = 2, while the four lateral sides are set to be adia-
batic to guarantee zero heat loss. In the experiment of [27], the filler
particles are alumina with thermal conductivity of 30 W/mK, while the
thermal conductivity of epoxy is 0.21 W/mK. The necks are compact,
porous structures formed by deposited spherical alumina nanoparticles
with two different diameters, i.e. 60% of the particles have a diameter of
40 nm and 40% a diameter of 250 nm. In [57], we used a thermal
conductivity of the neck of 2.38 W/mK. Using these thermal conduc-
tivities, we can now simulate the heat transport. We note that the top
cover and bottom substrate temperatures are reference temperature only
for calculating ETC. Since ETC is determined under stationary state, its
value is only dependent on the values of thermal conductivities of
different materials, which are independent of the prescribed
temperature.

To evaluate the heat conduction of the NTS, we choose slice y = 147
to analyze the temperature and heat flux. In Fig. 3b and ¢ we can see the
temperature and heat flux inside the filler particles. We observe that the
temperature is more uniform and the heat flux in the filler particles is
much larger than that in the epoxy, due to the high difference in their
thermal conductivities. Fig. 3d and e show that, at both top cover and
bottom substrate, high fluxes occur only at the locations of the necks,
indicating the strong enhancement of heat conduction through the
necks. To analyze the heat flux uniformity at the top and bottom chip
layers, we divide each of them (excluding the periphery area) into 9
equal-sized parts and compare their normalized heat flux, i.e. § (i) =
q'(i)/3°7.,q'(i). Fig. 3f shows g for the nine parts as indicated in Fig. 3d
and e. We observe only a small fluctuation in §' due to the difference in
filler particle and neck distribution, indicating that the heat flux distri-
bution is generally quite uniform. The adiabatic boundary condition for
four lateral sides does not induce an artificial inhomogeneous distribu-
tion of heat flux. Specifically, the standard deviations of ¢' of the 9 parts
at top and bottom are only 0.008 and 0.014, with a mean value of 0.111.
Finally, with the simulated temperature and heat flux, we calculate the
ETC of the NTS to be 2.75 W/mK, which is close to the experimental

V' =0.19%

Applied Thermal Engineering 187 (2021) 116585

result of 2.41 W/mK [27]. Similarly as in Section 2.3.1, to test the
dependence on geometry, we have done simulations with three different
FPCs with similar filler particle volume fraction V;p = 48.8%, 48.0%,
47.1% in [57]. The corresponding ETCs are A, = 2.75, 2.78,
2.71 W/mK, respectively. With an acceptable error of 14.1% in engi-
neering, we conclude that we can apply this thermal LBM to study the
heat conduction in NTSs formed under different conditions as shown in
following Sections 3-5.

3. The influence of initial nanoparticle concentration

This first study looks at the influence of varying the initial colloidal
particle concentration. The neck formation by drying of colloidal sus-
pension in the cavity with micro-size filler particles is studied, and the
thermal performance of the resulting NTSs is evaluated, with the initial
nanoparticle concentration nps assigned values of 1.6%, 2.3%, 3.0%,
3.7%. The simulation setup is the same as that in Section 2.3.1, to match
the experimental conditions of [27].

3.1. Neck formation by colloidal nanoparticle deposition

For the cases of ¢, = 1.6%, 2.3% and 3.0%, the formed neck struc-
tures after drying of colloidal suspension are shown in Fig. 4a—c, while
the result of ¢,, = 3.7% has already been given in Section 2. In the
following we discusses necks formed at three different locations, i.e.
Necky,_;, Neck, , and Neck, , as defined in Section 2.3.1. To better
analyze the overall nanoparticle deposition, we define the normalized

total volume thp of all deposited nanoparticle as the ratio of total
deposited nanoparticle volume V7, to the total volume of all filler par-

ticles Vi, i.e. 'Vflp = V;p/V},- The normalized total neck volume v,

neck 1S

defined as the ratio of total volume of all necks V},, and total filler

neck = Vier/ Vf‘p The normalized volumes thp

particle volume Vi, i.e. v
and V;eck increase almost linearly with ¢,, (see Fig. S2a in Supplemen-

. . ot St
tary Materials). The difference between V,, and V. indicates that a

eCl
small portion of nanoparticles is also deposited on the surface of filler

particles. Fig. 4d shows the neck amount versus nanoparticle
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Fig. 4. Comparison of neck formation by drying of colloidal suspension with the initial nanoparticle concentration ranging from ¢,, = 1.6%, 2.3%, 3.0% to ¢,,, =
3.7%. (a)-(c) Neck formation with np = 1.6%,2.3% and 3.0%. (d) Comparison of total number of necks (Neckiyq), necks at top/bottom (Neck,_;,_p) and necks

between filler particles (Neck,_). (e)-(f) Comparison of normalized average neck volume (Vﬁeck) and diameter (EZeck) including their variations.
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concentration, where the neck count of Neck, ;, 5 reaches a maximum
at ¢,,, = 2.3%, while the neck count of Neck,_, and Neckiyq increases at
a decreasing rate not reaching maximum. The reason is that, for initial
concentrations higher than ¢,, = 2.3%, the potential positions for neck
formations are almost filled up, and the remaining locations are the
larger pores where it is more difficult to form necks. To further analyze
the neck formation process, we define the normalized average neck

~a
volume V

neck as the ratio of average neck volume V7, , and average filler

necl

. a - =a
particle volume V¢, ie. V,

= Vie/Vf,- Similarly, the normalized

~a

average neck diameter is defined as the ratio of average neck

neck
. . . . . ~a
diameter dZ,, and average filler particle diameter df, i.e. d . =

dﬁeck/df‘;. Fig. 4e—f illustrates that, with nanoparticle concentration

increasing from 1.6% to 3.7%, the normalized volumes mek for both
Neck, ., and Neck,_, increase almost linearly from 0.15% and 0.11%

to 0.79% and 0.29%, while the diameter E—Zeck for Neck;,_;p_p and Neck;_,
increases almost linearly from 24.0% and 17.3% to 44.3% and 25.1%,
respectively. In the experimental results obtained in a much larger
cavity of 1ecm x 1 cm x 60 ym in [25], the diameter di,, and
number of necks Neck, , are found to increase linearly with nano-
particle concentration, showing trends similar to the ones seen in our
simulation results here.

In case of very low particle concentration such as ¢,, = 0.8% the
simulations show that the nanoparticles basically attach to the surfaces
of the filler particles and do not form necks. Current simulation results
also show that, when the concentration is large, at ¢,, = 4.6% for
instance, not only necks are formed but also the pore volumes between
the filler particles are filled with nanoparticles, leading to a clogging of
the pore structure. An illustration of the clogging of a pore in simulation
with qb,,P = 4.6% is shown in Fig. 5a. Experimental results from [25]
show similar clogging structures, as illustrated in Fig. 5b. This clogging
may hinder the backfilling with epoxy in the final fabrication process,
and thus a higher concentration over 4.6% may not be an optimal
choice.

3.2. Thermal performance of resultant NTS

Further, the influence of the deposited necks on the heat conductivity
of the resultant NTS is simulated and analyzed. The simulation setup is
shown in Fig. 6a, which is the same as that in Section 2.3.2. Detailed
comparisons of temperature and heat flux distributions are shown in
Fig. 6b and c. With increasing nanoparticle concentration, the temper-
ature distribution at the slice of y = 30 in Fig. 6b becomes more uniform

(a)
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at neck locations, indicating an improved heat conduction. In addition,
the temperature in filler particles is much more uniform than that in the
epoxy due to the large difference in thermal conductivity. In terms of the
heat flux distribution in Fig. 6¢, the heat flux increases obviously in the
filler particles with increasing nanoparticle concentration, also indi-
cating a better heat conduction. We also analyze the heat flux uniformity
of the chip layers for different nanoparticle concentrations. As shown in
Fig. S3 of Supplementary Materials, the normalized heat flux distribu-
tions are quite similar for different nanoparticle concentrations. A small
deviation of the heat flux occurs at the lowest concentration ¢,, = 1.6%
because no neck is formed at some locations due to a shortage of
nanoparticles. The fluctuations of heat flux in different parts attribute to
the heterogeneous distribution of filler particles and necks, as explained
in Section 2.3.2.

With the simulated temperature and heat flux fields, we can evaluate
the overall thermal performance of the NTS calculating the effective
thermal conductivity (ETC). As shown in the right y-axis of Fig. 7,
compared to the case of PTS (with no nanoparticles, by = 0%) with
ETC = 1.22 W/mK, the case of small concentration ¢,, = 1.6% with
ETC = 1.81 W/mK shows an obvious improvement of 50%. By further
increasing initial nanoparticle concentration from 1.6% to 3.7%, the
ETC shows a further improvement but at a slightly decreased rate. The

normalized total neck diameter Hfmk in the left y-axis of Fig. 7 is defined
as the product of total neck count N(Necky,;) and normalized average

o e d, = N(Neckmml)*azeck. Fig. 7 shows that the

neck diameter e

neck?
ETC agrees well with the normalized diameter &,tmk. The reason is that,
the neck diameter, being an approximate to the square root of the
contact area, reflects the heat conduction ability between adjacent filler
particles, filler particle and top cover, filler particle and bottom sub-
strate. This normalized total neck diameter can thus be considered a
surrogate of contact area and a key indicator of ETC.

In summary, with the initial nanoparticle concentration increasing
from 1.6% to 3.7%, the average neck volume and neck diameter increase
almost linearly. The total number of necks also increases, but at a
decreasing rate. As a result, the total neck diameter increases at a
slightly reduced rate. The effective thermal conductivity of the resulted
neck-based thermal structure follows the same trend of the total neck
diameter. For initial concentrations lower than 0.8%, no complete neck
is formed. Clogging structures occur at a concentration higher than
4.6%, which may not be optimal for heat conduction enhancement with
respect to nanoparticle amount. Therefore, practically, we recommend
an initial nanoparticle concentration over 0.8%. A high concentration of
over 4.6% is still applicable but may not be optimal. The total neck
diameter is proposed as an indicator of effective thermal conductivity.

(b)

Fig. 5. Illustration of clogging of pore structure between filler particles by nanoparticle deposition. (a) Simulation result with a high initial concentration of ¢,, =
4.6%. (b) Experimental observation from [25] (Reprint permission from Journal of Microelectronics and Electronic Packaging).
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b, =3.0%

Lateral sides are
adiabatic.

Fig. 6. Comparison of the thermal performance of the neck-based thermal structure (NTS) formed with different initial nanoparticle concentration ranging from
¢np = 1.6%,2.3% to ¢, = 3.0%. (a) Simulation setup for heat conduction in NTS. (b) Comparison of temperature distribution with black temperature isolines at the
slice of y = 30. (c) Comparison of heat flux distribution at the slice of y = 30 with the black lines indicating temperature isolines.
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Fig. 7. Normalized total neck diameter (&fmk) and effective thermal conduc-
tivity (ETC) of neck-based thermal structure as functions of nanoparticle con-
centration (¢p,).

However, such diameter is quite difficult to be determined from exper-
imental results showing a definite advantage of numerical simulations.

4. The influence of drying temperature

In this second study, the influence of drying temperature on the neck
formation by drying of colloidal suspension in the cavity with micro-size
filler particles is studied, and the thermal performance of resultant NTS
is evaluated for a drying temperature varying from 25 °C(isothermal
drying) to 43 °C, 60 °C, 80 °C and 100 °C. The initial concentration in
all cases is 3.7%, and the surface wettability is uniform with a contact
angle of 30°.

4.1. Neck formation by colloidal nanoparticle deposition

The necks formed at the temperature of 25 °C, 60 °C and 100 °C are
shown in Fig. 8a. The necks become more uniform in size and distri-
bution with increasing temperature. In contrast, as shown in Fig. 8b, the
total number of necks, showing a mean value of 250 and a standard
deviation of 3.6% (induced by the necks formed between filler parti-
cles), remains almost constant with increasing drying temperature.

Fig. 8c shows the normalized average neck volume (Vzeck) and standard
variation (shaded area) for all necks (Neckyq), necks at top/bottom
(Neck,_;p_p) and necks between filler particles (Neck, ;). The normal-

ized average neck volume ;ck remains almost constant. The standard
variation of normalized neck volume (shaded area) for Neck, ;,_, and
Neck,_p, gradually decreases with increasing drying temperature. The
decrease in standard deviation is higher in the temperature range 25 °C
to 60 °C but slows down after 60 °C (especially after 80 °C), indicating
the influence of drying temperature on neck formation at these tem-
peratures becomes smaller. As seen in Fig. 8d, the normalized average

. ~a s
neck diameter d,,,; shows the same trend as the normalized neck volume
~a

Vneck‘

With increasing drying temperature, the temperature difference be-
tween the system and the environment also increases. The higher tem-
perature difference leads to a higher pressure difference between the
vapor at the liquid-vapor interface and the vapor in the environment,
which increases the average drying rate. The average liquid drying rate
Ep is defined as the total liquid mass m| over the total drying time t§
(number of iterations in our simulation). Fig. S4a in Supplementary
Materials shows that the total drying time decreases following a power
function of the drying temperature Ty, indicating a linear increase of Ep
(Fig. S4b in Supplementary Materials). In Fig. S4a, we can see the
decrease in drying time is not as significant above 60 °C. Therefore, the
drying temperature of 60 °C can be considered as the heating temper-
ature to be used in practice for the drying of such kind of micro-porous
structures since it is a good compromise between a short drying time and
less energy consumption, while still ensuring a relatively uniform for-
mation of necks.
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Fig. 8. Comparison of neck formation by drying of colloidal suspension in neck-based thermal structure as function of the drying temperature varying from 25 °C to
100 °C. (a) Neck formation at three drying temperatures. (b) Neck count of all necks (Neck;oq1), necks at top/bottom (Neck, ;) and necks between filler particles

(Neckp_p). (c) Normalized average neck volume (Vzeck) and variation (shaded area). (d) Normalized average neck diameter (&ﬁeck) and variation (shaded area).

The minor influence of drying temperature on the total neck number ciently high, necks can be formed easily between filler particles and thus

and the dimensions of the necks, namely neck average or total diameter, the total neck number remains almost constant. The discussion above
average or total volume, stems from the following two facts. First, the analyzes the overall neck distribution within the entire NTS. To analyze
total amount of nanoparticles for deposition is the same in all cases. in more detail the neck size distribution over different locations, the NTS
Second, since the initial nanoparticle concentration (3.7%) is suffi- is divided into nine identical parts as shown in Fig. 9a. The influence of
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Fig. 9. Comparison of necks formed in different parts of the neck-based thermal structure (NTS) at drying temperature of 25 °C, 60 °C and 100 °C. (a) Illustration of
the nine equally sized parts of NTS. (b) Distribution of number of necks N(Neck) over nine parts. (c) Normalized average neck diameter fwck. (d) Normalized average

neck volume Vi, (e) Normalized total neck volume f/;eck.
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drying temperature on neck formation is analyzed in these different
parts. Fig. 9b-e show that at 25 °C, the number of necks, normalized

~a

. =a
average neck diameter average neck volume V., and total neck

neck>
volume V;eck show quite high variations over the different parts, with a
minimum in part five, i.e. in the center of the system. The explanation is
as following. During this quasi-isothermal drying, the capillary forces
are dominant, leading to the large pores being invaded first. Since the
pores of large sizes are irregularly distributed over the sample, the
drying pattern also becomes very irregular. As shown in Fig. 10a of the
drying at 25 °C, the large pores in the center are firstly invaded (in red
circle). Since the main evaporation fronts are at the lateral sides in parts
1-4 and 6-9, capillary flow occurs from the central large pores in part 5
to lateral sides (called capillary pumping) inducing a transport of
nanoparticles from center to the lateral sides. Due to this transport,
fewer nanoparticles are left in the central part and more nanoparticles
are delivered to the peripheral parts, leading to the observed variation in
neck size distribution. When the temperature increases, we note that the
necks become more uniformly distributed between peripheral parts and
the center one. This can be explained as follows. When the drying
temperature increases, the liquid surface tension becomes smaller
following an empirical equation of
0.2358(1 — T/T.)**°[1 — 0.625(1 — T/T,)] (N/m), where T, is water
critical temperature. As introduced in Section 2.3.1, the drying tem-
perature T4 in simulations is obtained by applying the same relative

o =

temperature difference as in the experiment, i.e. dT = (T; — Teq)/Tc €
(0,0.115) for the 5 different drying temperatures ranging from 25 °C to

100 °C. The surface tension ¢ is plotted versus AT in Fig. S5 in Sup-
plementary Materials, for both simulation and the empirical equation.
Both follow approximately a similar linear decrease and simulation re-
sults agree qualitatively well with the empirical equation. Quantita-
tively, the decrease of surface tension is not the same, because we are not
able to simulate the real water-air density ratio of about 1000. In our
simulations, the surface tension ¢ at (100 °C) is around 40% of that at
isothermal condition (25 °C). Therefore, the capillary force Ap =
o(1/r1 +1/r2)cosf also decreases to 40%, where ry, rp.are the curvature
radii of the pore and @ is the contact angle. As a result, the capillary
pressure difference reduces by 40% and thus the capillary pumping ef-
fect becomes weaker [34]. On the other hand, the high temperature
drives a high drying rate, making it more dominant than the capillary
effect. In consequence, the drying pattern becomes continuous from the
lateral sides to the center, as shown in Fig. 10b of drying at 100 °C. In
addition, the drying time is reduced at higher temperature, which also
leads to a smaller amount of nanoparticles transported. As a result, the
distribution becomes more and more uniform with increasing drying
temperature, as shown in Fig. 9b-e at 60 °C and 100 °C compared to
25 °C. We note that there are still fluctuations even at a drying

(a) 25 °C

Applied Thermal Engineering 187 (2021) 116585

temperature of 100 °C, since the pore size distribution is not equal in the
different parts. To sum up, the transported nanoparticles at different
drying temperature only change the size of necks at different locations,
but the average neck size still remains globally constant in the system.
Similar experimental results are obtained in [25] for a cavity of 1 cm x
1 cm x 60 ym with drying occurring only at two open ends. In this
experiment, the system is divided into three identical parts, i.e. part one
and three close to two open ends and part two in the middle. The
observation is that, at a drying temperature of 25 °C, the necks are only
formed in parts one and three, while at the drying temperature of 60 °C
and 100 °C, the necks are formed nearly evenly in all three parts.

4.2. Thermal performance of resultant NTS

The influence of thermal necks formed at different drying tempera-
tures on the heat conduction is shown in Fig. 11. Fig. 11a illustrates the
simulation setup for modeling the heat conduction in NTS, as introduced
in Section 2. The analyses of heat flux are given at two slices of y = 30
and y = 147 in Fig. 11b and c. These two slices are chosen with two
reasons. First, at these two slices, the necks between the filler particles
can be observed and their influences on heat conduction can be
analyzed. Second, they are located one at the periphery and the other
near the center of the system, allowing to compare the heat conduction
heterogeneity in different parts of the system. To analyze the heat flux in
different regions in this section, we normalize them by the total flux
through the top cover, i.e. Gurpq = Giyeq/qlop- In Fig. 11b and ¢ we find
that, when the drying temperature increases, the normalized heat flux
through the filler particles in the white dashed area g, (central part of
the slice) decreases from 23.7% (lattice unit) to 19.6% and 17.7% aty =
30 while it increases from 14.7% to 17.8% and 20.7% at y = 147. The
difference in heat flux at different locations is caused by the neck size
difference as analyzed in the previous paragraph. For instance at 25 °C,
the larger neck diameter at the slice of y = 30 leads to a higher
normalized heat flux of 23.7% while the smaller neck diameter at the
slice of y = 147 results in a lower heat flux of 14.7%. With this kind of
compensation in heat flux at different locations induced by neck size
difference, the overall heat conduction ability of NTS remains almost
constant. As shown in the right y-axis of Fig. 12, at different drying
temperatures, the ETC is almost constant showing that the influence of
drying temperature on the thermal performance of NTS is very minor.
The total normalized neck diameter '&fwck = a:eck(Neckmml)*N(Neckmml)
in the left axis of Fig. 12 shows a good agreement with the ETC, showing
that d:" « is a good indicator to evaluate the overall thermal performance

ecl
of resultant NTS, as explained in Section 3. The total normalized neck

~t
diameter d,,; remains also almost constant because both the normalized

~a
average neck diameter d,,(Neck,q) and the total neck count

Fig. 10. Comparison of the drying processes of colloidal suspension at two different temperatures. (a) 25 °C (full drying process in Supplementary movie 2). (b)

100 °C (full drying process in Supplementary movie 3).
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(a) Setup

Lateral sides are
adiabatic.
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100 °C

Fig. 11. Comparison of the thermal performance of neck-based thermal structure formed at the drying temperature of 25 °C, 60 °C and 100 °C. (a) Simulation setup
for heat conduction. (b) and (c) Heat flux distribution at the slices of y = 30 and y = 147 with the black lines indicating temperature isolines. The size and heat flux

are in lattice units.
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Fig. 12. Comparison of the normalized total neck diameter (E;eck) and effective
thermal conductivity (ETC) of neck-based thermal structure versus drying
temperature (Ty).

N(Neck,yq) vary very little, as shown in Fig. 8d and b. The comparison of

total normalized neck volume Vfwck and ETC is shown in Fig. S6 of
~t

Supplementary Materials, showing a worse agreement than that of d,, ;.

and ETC.

Despite that the overall ETCs of the NTSs formed under different
drying temperatures do not vary a lot, the heat conduction in different
regions of the NTSs may be affected by the neck distribution, as
described in Fig. 9. Fig. 13 shows that the normalized heat flux in the
center (5th) part increases with drying temperature, leading to a more
uniform heat flux distribution. This trend follows the analyses of neck
sizes as shown above in Fig. 9, since necks play an important role in heat
conduction. Although we have studied the influence of drying temper-
ature on heat conduction of the resultant NTS only for the case of initial
nanoparticle concentration ¢,, = 3.7%, the results are representative of
our studied concentration range (1.6%, 3.7%). This is because the
normalized heat flux in each part of top and bottom surfaces only shows

11

small changes for different concentrations, as shown in Fig. S3 in the
Supplementary Materials. However, this may not be the case if the
nanoparticle concentration is too large or too small, since clogging
structures occur or necks are only formed at partial locations, resulting
in different heat conductions.

In summary, with the drying temperature increasing from 25 °C to
100 °C, the average neck volume, diameter and number of necks remain
almost constant. Consequently, the effective thermal conductivity shows
a relatively constant trend. Nevertheless, the higher drying temperature
leads to a more uniform neck size and distribution, as well as heat
conduction. From the application field point of view, a drying temper-
ature of 60 °C is recommended, since the formed necks are relatively
uniform, the drying time is short and the energy consumption is not very
high.

5. The influence of chip surface wettability

Finally, in this section, the influence of varying the substrate surface
wettability is investigated. The neck formation by drying of a colloidal
suspension is studied and the thermal performance of resultant NTS is
evaluated by changing the wettability of chip surfaces, namely the top
cover and bottom substrate of the cavity. The contact angle of both the
top cover and the bottom substrate is changed from CA,; = 15° to 120°,
while the contact angle of filler particles remains unchanged at CAg, =
30°, leading to a contact angle difference CA;; —CAy ranging from
—15° to 90°. In the drying simulations of this subsection, the initial
nanoparticle concentration is ¢,,, = 3.7% and the drying temperature is
Ty = 60 °C.

5.1. Neck formation by colloidal nanoparticle deposition

Fig. 14a shows the simulation results of the necks formed by nano-
particle deposition at CA. —CAp = —15°, 65° and 90°. As shown in the
enlarged views in Fig. 14a, with increasing contact angle difference,
more and more nanoparticles deposit at the middle height of the cavity
between filler particles until clogging structures are formed. Meanwhile,
less nanoparticles deposit at the top cover and bottom substrate until the
necks disappear here. Fig. 14b shows the total number of necks
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Fig. 13. Comparison of the normalized total heat flux (") of 9 identical parts (Fig. 3d and e) at (a) bottom substrate and (b) top cover of the NTSs formed under
different drying temperatures (25 °C, 60 °C and 100°C).
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Fig. 14. Comparison of neck formation by drying of colloidal suspension with the contact angle difference of top cover/bottom substrate (CA,) and filler particles
(CAg) ranging from —15° to 90°. (a) Three cases of neck formation. (b) Comparison of total neck count (Neckiyq), neck count at top/bottom (Neck,_;p-5) and

between filler particles (Neck,_p). (c) Comparison of normalized average neck volume ﬁ:eck with its variation. (d) Comparison of normalized average neck diameter

~a . . . .
d,\. With its variation.

(Neckyoq1) barely changes below CA;, —CAg = 65° and then decreases
dramatically to the neck count between filler particles (Neck,_,) at
CA;p —CAp = 90°, where no neck is formed at top or bottom

difference, the normalized average neck volume V‘,;eck of necks at top and
bottom substrates (Neck,_.,_5) gradually decreases to zero, while VZeck
_ of necks in between the particles (Neck,_,) increases only within a small
(Neck,_;p—p). The analyses of normalized average neck volume V:eck and

. . ~a
range. The normalized average neck diameter d

| eck behaves similarly to

~a
diameter d, ., are shown in Fig. 14c and d. With increasing contact angle
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the corresponding normalized neck volume ~Zeck.
We now explain the neck formation described above. With increasing
contact angle difference, i.e. increase of the contact angle of top/bottom
surfaces from 15° to 120°, the pressure at liquid-vapor meniscus at the
top/bottom surfaces changes gradually. Assuming the vapor pressure in
the environment is everywhere the same, the liquid pressure at the
meniscus of top/bottom surfaces gradually increases due to the change
in capillary pressure (induced by contact angle). The liquid pressure at
the vapor-liquid menisci between the filler particles does not change,
since the contact angle remains unchanged. Neglecting differences in
pore size, the difference in capillary forces (capillary pumping pressure)
for pores with different contact angles 6, and 6y, is Apq — Apy, =0(1/11 +
1/r2) (cosf, — cosoy). Taking the contact angle difference of 90° as an
example, e.g. chip surface contact angles of 6, = 30° and 6, = 120°, we
get a difference in capillary pressure of Ap, —Ap, = 1.3660(1/r +
1/ry). We normalize this difference by the capillary pressure for the
condition of a uniform contact angle §, = 30°, i.e. Ap, = 0.8660(1/r1 +
1/ry), we get (Apq — Apy)/Apa = 1.58. Therefore, with increasing the
contact angle difference of chip surfaces and filler particles to 90°, the
capillary pumping pressure can be up to 1.58 times of the original
capillary pressure with a uniform contact angle of 30°. Therefore, a flow
between liquid at the meniscus of top/bottom surfaces and liquid at the
menisci between filler particles is formed, transporting nanoparticles
from the top/bottom to the middle height of the system. Fig. 15a shows
the liquid configuration for the case with a contact angle difference of
90° at iteration of 24,000 during the drying process. In the half cross-
section in Fig. 15b, the liquid—vapor menisci show that the surfaces at
top/bottom are non-wetting with a contact angle of 120°, while the
surface of filler particles is wetting with a contact angle of 30°, as
imposed in the simulation. The red streamlines in Fig. 15c show the flow
from the menisci at top/bottom plates to the menisci at middle height
indicating the presence of capillary pumping. This mechanism explains
the neck distribution discussed above in the previous paragraph. In
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addition to the important influence of contact angle difference on neck
formation, we also analyze its influence on drying time, as well as drying
rate. As shown in Fig. S7 of Supplementary Materials, only minor in-
fluence is seen on drying time and average drying rate at a high contact
angle difference (CA;j - CAp>65°). The mechanism is the same as the
neck formation explained above, i.e. capillary pumping is becoming
stronger at higher contact angle difference, transporting liquid from the
center of FPC (around top and bottom) to the periphery (middle height
of FPC), which is beneficial for drying.

5.2. Thermal performance of resultant NTS

The influence of the contact angle difference on the heat conduction
of the NTS is analyzed here. The simulation setup for modeling the heat
conduction in NTS is shown in Fig. 16a. To analyze the heat transport,
the temperature and heat flux distributions at a slice of y = 30 are
compared for three contact angle differences, as shown in Fig. 16b and c.
The temperature distribution is becoming less uniform in vertical di-
rection for structures with higher contact angle difference and the heat
flux decreases not only at the top/bottom, but also between filler par-
ticles. The reason is that, at higher contact angle difference, less or even
no neck is formed at the top/bottom, leading to a decrease of the heat
flux from bottom substrate to filler particles and from filler particles to
top cover. Therefore, although the neck diameter in between the filler
particles becomes larger, less heat is transported over the cavity. Except
for the heat flux in vertical direction, we also analyze the heat flux at the
top cover and bottom substrate, i.e. the chip layers. As shown in Fig. S8
of Supplementary Materials, the fluxes have some fluctuations in
different parts, due to the heterogeneous distribution of filler particles
and necks, as explained in Section 2.3.2. The normalized heat flux dis-
tributions are quite similar at a low contact angle difference
(CA;p - CAp, < 65°). When the contact angle difference is getting
higher, the neck size at top and bottom becomes very small (at

Fig. 15. Illustration of the capillary pumping in the system with contact angle difference of 90°. (a) Liquid configuration at the iteration of 24,000 (full drying
process in Supplementary movie 4). (b) Menisci shapes at the slice of y = 230 showing hydrophobic surface (contact angle of 120°) at top/bottom plates and
hydrophilic surfaces between filler particles (contact angle of 30°). (c) Capillary flow from the menisci at the top/bottom plates to the menisci between the filler

particles at middle height.
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Fig. 16. Comparison of the thermal performance of the neck-base thermal structure with the contact angle difference of top cover/bottom substrate (CA; ) and filler
particles (CAg) at —15°, 65° and 90°. (a) Simulation setup for heat conduction. (b) Comparison of temperature distribution with black temperature isolines at the
slice of y = 30. (¢) Comparison of flux distribution at the slice of y = 30 where the black lines indicating temperature isolines.

CA.p - CAp, = 65°), or even disappears (at CA;, - CAp, = 90°), as
shown in Fig. 14a. Without necks, the material for heat conduction at
top and bottom is purely epoxy, making the heat flux distribution more
uniform.

In terms of the ETC representing the overall thermal performance of
NTS, we can see that the ETC decreases at a higher rate with the increase
of contact angle difference, as shown in the right y-axis of Fig. 17. Fig. 17
also shows that the ETC follows the trend of the normalized total neck

~t ~
diameter d,; = dﬁeck(Neckmml)*N(Neckwml), as explained in Section 3.

The decrease of Eﬁuk at a higher rate can be explained as follow. For
contact angle difference varying from CA;; —CAp = —15° to 65°, the

decrease of normalized average neck diameter &Zeck(Neckmml) is 19.4%,
being more important than the increase of total neck count N(Neckyyq)
at 5.6%, as shown in Fig. 14b and d. The decrease of E“eck (Neckyotqr) with

T
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Fig. 17. Comparison of the normalized total neck diameter (E;eck) and effective
thermal conductivity (ETC) of neck-based thermal structure versus contact
angle difference (CA.p —CAy,) of top cover/bottom substrate (CA;) and filler
particles (CAg).
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an increased rate is due to the fact that nanoparticles are transported
from the top/bottom to the middle height of the system by capillary
pumping. As a result of this transport from top/bottom to middle height
of the sample, the diameter of necks at top/bottom decreases from the
periphery to the center of the neck, while the diameter of necks in the
middle sample height increases at the neck periphery. Since the neck is
concave being thick at the periphery and thin in center of the neck
(illustrated in Fig. SO in Supplementary Materials), the decrease of neck
diameter at top/bottom is faster than the increase at middle height, as

reflected in the slopes of H:eck in Fig. 14d. The reason of the very small
increase of the total number of necks N(Neck.yy) is that most of the
locations between filler particles or between filler particles and top/
bottom are already formed with necks and it becomes more and more
difficult to form new necks. At a contact angle difference of

CA.p —CAp =90°, the normalized average neck diameter N:eck (Neckiotar)
only increases slightly, while the number of necks N(Neck,y,;) decreases
importantly. The slight increase in normalized average neck diameter

E;‘eck (Neckior1) is because there are no necks at top/bottom, but only
necks at middle height. The drop of total number of necks N(Neckyq) is
also due to the fact that there is no neck at top/bottom. Similarly, the
reason for having no neck at top/bottom is due to the strong capillary
pumping at high contact angle difference, by which all the nanoparticles
are transported from the top/bottom to the middle height of the system,
as shown in Fig. 15c. We note that the ETC does not follow well the trend

of the normalized total neck volume V;eck since the neck shape is not
regular (Fig. S9), as shown in Fig. S10 of Supplementary Materials.

In this section, we only consider the influences of varying the chip
surface contact angle while keeping the filler particle contact angle
unchanged. We mention that, if we keep the chip surface contact angle
constant while increasing the filler particle contact angle, the neck
formation will behave oppositely, i.e., neck size enlarges at chip surfaces
while it fades between filler particles. Due to the decreased neck size
between filler particles, the heat conduction decreases, as does the ETC
of the resultant NTS. Figs. S11 and S12 in Supplementary Materials
illustrate an example of the neck formation and heat conduction with
the chip surface contact angle of 30° and the filler particle contact angle
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of 75°.

In summary, the total average neck volume and diameter only slowly
decrease with the contact angle difference between top/bottom and
filler particles increasing from —15° to 65°, while the total number of
necks remains almost constant. At a contact angle difference of 90°, no
neck is formed anymore at the top and bottom substrates. Consequently,
the total number of necks drops importantly, while the total average
neck volume and diameter increase slightly. The change of neck size and
number is due to the decrease of neck size at top/bottom and increase at
the middle height of the system, due to the transport of nanoparticles by
capillary pumping from the meniscus at top/bottom with high liquid
pressure to the meniscus in the middle height with low liquid pressure.
The total neck diameter decreases at a growing rate, due to the decrease
of average neck diameter (before 65°) and the total number of necks (at
90°). Since the total neck diameter determines the overall heat con-
duction ability of the formed necks, the effective thermal conductivity
shows a good agreement with the total neck diameter, i.e. decreasing at
an increased rate. From the study of the influence of the contact angle
difference, it is concluded that a uniform contact angle (30° here) of the
entire system is optimal for the production of NTS considering a high
thermal performance and low fabrication cost.

6. Conclusion

As an innovative technique, neck-based thermal structures (NTS)
have shown the potential to enhance the heat conduction in 3D chip
stacks by threefold experimentally. A critical step to produce the NTS
lies in the neck formation by nanoparticle deposition after drying of
colloidal suspension in the cavity filled with micro-size particles, since
the thermal performance of the NTS is highly dependent on these neck
structures. In this paper, the neck formation and the thermal perfor-
mance of resultant NTS are numerically studied by a tricoupled hybrid
LBM and a thermal LBM, focusing on the influence of initial nanoparticle
concentration, drying temperature and chip surface wettability.

First, the influence of initial particle concentration is studied. With
increasing nanoparticle concentration from 1.6% to 3.7%, the average
neck volume and diameter increase almost linearly. The total number of
necks increases also, but at a decreasing rate. The effective thermal
conductivity (ETC) of the resulting neck-based thermal structure in-
creases at a slightly reduced rate. No neck is formed at an initial con-
centration lower than 0.8%, while clogging structures occur at an initial
concentration of 4.6%. Second, the influence of drying temperature is
discussed. With increasing drying temperature from 25°C to 100°C, the
average neck volume, diameter and number of necks remain almost
constant. Consequently, the ETC of the resulted NTS shows also a rela-
tively constant trend. Nevertheless, a higher drying temperature leads to
a more uniform neck size and distribution. Practically, a drying tem-
perature of 60°C is suggested, since it results in the necks being rela-
tively uniformly distributed, the drying time being short and the energy
consumption being not too high. Finally, the influence of chip surface
wettability is investigated. With the contact angle difference of chip
surface (top/bottom of the cavity) and filler particles (remaining at 30°)
increasing from —15° to 65°, the average neck volume and diameter
decrease slowly while the total number of necks remains almost con-
stant. At a contact angle difference of 90°, no neck is formed at the top
and bottom and the total number of necks drops dramatically while the
average neck volume and diameter increase slightly. With the contact
angle difference increasing from —15° to 90°, the ETC decreases at a
growing rate, due to the decrease of average neck diameter up to 65° and
decrease of total number of necks at 90°. A higher wettability of the chip
surface leads to slightly larger neck diameters at the top/bottom of the
cavity, resulting in an overall small increase in heat conduction. A
uniform contact angle of the entire system at 30° is suggested for the
production of NTS showing optimal thermal performance and low
fabrication cost.

In summary, the parametric study of initial nanoparticle
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concentration, drying temperature and chip surface wettability shows
that the numerical models of tricoupled hybrid LBM and thermal LBM
can reveal the multiple mechanisms at play and can offer great assis-
tance in the design of these structures in real complex engineering
applications.
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