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Abstract—In 3D face-to-face (F2F) hybrid bonding ICs, sub-
micrometer thin layers lead to an extreme aspect ratio between
the lateral dimensions and the vertical thickness. This poses major
challenges for finite element method (FEM) thermal simulation. To
address this, we introduce ETLA-3D, a thermal FEM methodology
based on equivalent thin-layer aggregation, designed specifically
for hybrid bonding F2F 3D ICs. The method consolidates the
physical properties of thin layers into their neighboring layers
by introducing new integral terms into the FEM weak form,
greatly reducing the complexity of meshing, the simulation degrees
of freedom (DoFs) and the computational cost, while preserving
accuracy. Experimental results show that ETLA-3D achieves up
to 695.8× faster runtime compared to the commercial FEM tool
(COMSOL Multiphysics), with a maximum absolute error of
less than 1.1 °C. By combining high accuracy with exceptional
efficiency, ETLA-3D establishes a reliable and efficient FEM
framework to model the thermal behavior of F2F 3D ICs.

Index Terms—hybrid bonding, F2F 3D ICs, thermal simulation,
finite element method, thin layer, model order reduction (MOR)

I. INTRODUCTION

Today, the scaling of transistors has reached a significant

bottleneck. To achieve More-than-Moore (MtM), 3D integration

has emerged as one of the most promising solutions [1].

Existing 3D integration approaches include through-silicon vias

(TSVs), microbumping, and hybrid bonding [2]. Among these,

hybrid bonding technology directly connects the back-end-of-

line (BEOL) layers of two stacked tiers using sub-µm Cu-Cu

metal pads in a face-to-face (F2F) style. Due to its smaller pad

size (merely hundreds of nanometers [2]), hybrid bonding can

achieve a finer pitch and therefore higher integration densities

compared to TSV-based and microbumping 3D ICs [3].

Compared with conventional 2D/2.5D ICs, 3D integration

introduces more urgent thermal challenges [4]. Addressing

these thermal challenges requires accurate and efficient thermal

simulation. Existing thermal simulation approaches can be

roughly categorized into three types: machine learning (ML)-

based methods, stochastic methods, and numerical methods.

Among these, FEM is the mainstream choice in commercial

simulation tools, such as ANSYS (acquired by Synopsys) [5]

and COMSOL Multiphysics [6], due to its flexibility and

accuracy.

However, the unique structural characteristics of hybrid

bonding 3D ICs pose significant challenges for FEM thermal

simulation. A key feature of hybrid bonding is its sub-µm thick-
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Fig. 1: (a) The BEOL and bonding structure. (b) The extreme aspect ratio
of the bonding layer. (c) Coarse-grained mesh of the bonding layer without
refinement, which can cause simulation issues. (d) Fine mesh after refinement,
leading to huge simulation DoFs and computation cost. (e) Thin unhealthy
FEM cells lead to simulation accuracy degradation.

ness. When these thin layers span millimeter-level horizontal

dimensions, they create an extreme aspect ratio (exceeding

2000). Such an extreme aspect ratio renders FEM thermal

simulation inefficient for four main reasons. First, maintaining

mesh quality and ensuring simulation accuracy require iterative

mesh refinement in these thin regions, as an extreme element

aspect ratio can lead to mesh quality degradation and so-

called ‘unhealthy’ cells [7], [8], causing undesired numerical

artifacts. Second, the necessary conformal mesh topology at

the interfaces between different geometric domains forces the

creation of unnecessarily small cells in adjacent regions. For

example, the shared topological nodes between the thin bonding

layer and the BEOL layers result in fine meshing within BEOL

regions. Third, fine meshing ultimately leads to an enormous

number of Degrees of Freedoms (DoFs), which translates di-

rectly into a large coefficient matrix and therefore low efficiency

for FEM solvers. Such computational inefficiency, where thin

layers require extremely fine FEM meshes, has been reflected

in various studies [3], [9], [10], [11], [12]. Finally, thin layers

introduce significant numerical stiffness for some transient

solvers, leading to extremely small time-step sizes and thus

overlong runtimes [13]. These limitations motivate the need for

a thermal FEM framework that retains the simulation accuracy

while mitigating the computational burden.

The contact homogenization technique has been adopted in

physical modeling, where thin layers are often simplified as an

impedance interface condition [14], [15]. However, this simpli-



fication typically focuses on resistance instead of the inherent

heat capacitance and potential heat sources within these thin

layers. Furthermore, a similar homogenization approach has not

yet been customized for hybrid bonding F2F 3D ICs, taking

into account their distinctive structural characteristics, and the

quantification of accuracy loss remains unaddressed.

To address these challenges, we propose ETLA-3D, an equiv-

alent thin layer aggregation-based thermal FEM methodology

for hybrid bonding F2F 3D ICs. The key idea is to avoid

explicit geometric modeling of thin layers while retaining

their physical influence on heat transfer. As a result, ETLA-

3D significantly reduces the meshing complexity, simulation

DoFs and computation cost without compromising simulation

accuracy. The key contributions of this work are as follows:

• We analyze and point out the numerical challenges caused

by thin layers within hybrid bonding F2F 3D ICs, includ-

ing meshing issues, high computation costs, and numerical

stiffness in transient simulation.

• We propose ETLA-3D, an equivalent thin layer

aggregation-based thermal FEM methodology. To the best

of our knowledge, ETLA-3D is the first thermal FEM

implementation of hybrid bonding F2F 3D ICs simulation

using an entire open-source FEM toolchain, capable of

both steady-state and transient thermal simulation.

• We observed that vertical heat flux is dominant within thin

layers. Therefore, passive thin layers are incorporated into

the FEM weak form as a Robin-like surface integral term

over the interface cells of its two vertically adjacent layers,

thus avoiding fine-grained bulk meshing.

• Unlike passive thin layers, active layers also serve as bulk

heat sources. ETLA-3D transforms them into an equivalent

surface forms integrated into the FEM weak form as a

Neumann surface integral term over the interface cells.

• Extensive experimental results demonstrate that ETLA-3D

is an efficient second-level simulation tool, achieving up

to 695.8× faster runtime compared to COMSOL Multi-

physics, while keeping simulation errors < 1.1°C.

II. RELATED WORKS

Existing thermal simulation approaches can be roughly

categorized into three types: numerical methods, stochastic

methods, and machine learning (ML)-based methods.

Numerical methods, which encompass the finite element

method (FEM) [16], the finite difference method (FDM) [17],

the finite volume method (FVM) [18], and equivalent compact

models of the RC network [13], [19], [20], are based on classic

physical principles. These methods offer superior robustness

and generality. Among them, FEM stands out as one of the

most widely used techniques, widely utilized for both early-

stage estimation [16], [21] and post-layout sign-off simulation

[22], [23]. However, numerical methods are inherently mesh-

based and are challenged by the aforementioned issues arising

from thin layers, such as meshing complexity, huge simulation

DoFs, significant computation costs, and numerical stiffness.

Stochastic methods, such as random walk (RW)-based ther-

mal models [24], [25], are efficient for predicting temperature

values of single points but struggle with complex boundary con-

ditions (BCs), especially Robin BCs. They are also inefficient

when a full temperature distribution is required.

ML-based methods, including convolutional neural networks

(CNNs) [26], graph neural networks (GNNs) [27], physics-

informed neural networks (PINNs) [28], [29], and operator

learning (OL) [30], [31], have attracted a great deal of attention

due to their potential for acceleration. However, data-driven

ML models are highly dependent on high-quality ground-truth

data, which are typically generated by numerical methods.

As discussed previously, current numerical methods struggle

with issues introduced by thin layers, which can lead to low-

quality training data and prohibitively slow data generation.

Consequently, an efficient numerical tool is necessary for ML

models, which also motivates the development of ETLA-3D.

III. PRELIMINARIES

A. Governing Equations

In hybrid bonding F2F 3D ICs, the governing PDE of time-

dependent heat transfer is [32]:

c
∂u

∂t
+∇ · (−k∇u) = f in Ω (1)

Here, Ω is the computation domain, c is the volumetric heat

capacity (J/m3K), k is the thermal conductivity (W/mK),

f is the power density, or heat source term (W/m3), and

u(x, y, z, t) is the space- and time-dependent temperature func-

tion, which is the unknown function of the PDE.

The governing PDE requires boundary conditions for a

unique solution. Typical BCs of heat transfer include: Dirich-

let, Neumann, and Robin conditions. An adiabatic Neumann

boundary condition is applied to the computation boundary ΓN ,

where no air convection occurs:

∂u

∂n
= 0 on ΓN (2)

A convective Robin boundary condition is applied to the

computation domain ΓR, where air convection removes heat

from the system. This phenomenon can be represented as:

∂u

∂n
= −h(u− uamb) (3)

where h is the heat transfer coefficient (W/m2K) and uamb

is the ambient air temperature. For steady-state thermal sim-

ulation, where the temperature function u(x, y, z) is time-

independent, the temporal derivative term in (1) becomes zero.

In this case, (1) simplifies to a Poisson equation.

B. FEM Weak Form

Given its accuracy and flexibility, FEM is adopted to solve

(1)-(3) in this paper. To effectively apply FEM, we must first

convert their strong form into the corresponding weak form.

First, (1) is multiplied by a test function v and then integrated

over the entire computation domain Ω, yielding:∫
Ω

c
∂u

∂t
v dΩ+

∫
Ω

∇ · (−k∇u)v dΩ =

∫
Ω

fv dΩ (4)



To lower the derivative order, the integration by parts and

divergence theorem can be used to replace the Laplacian term

in (4), resulting in:∫
Ω

c
∂u

∂t
v dΩ+

∫
Ω

k∇u∇v dΩ+

∫
Γ

−k∇uv ·n dS =

∫
Ω

fv dΩ

(5)

where dS is the surface micro-unit. Considering the Neumann

and Robin boundary condition, (5) can be transformed into:∫
Ω

c
∂u

∂t
v dΩ+

∫
Ω

k∇u∇v dΩ+

∫
ΓR

huv dS

=

∫
Ω

fv dΩ+

∫
ΓR

huambv dS

(6)

The thin layers of hybrid bonding F2F 3D ICs lead to high

stiffness in transient thermal simulation[13]. Therefore, we

employ the implicit Euler method for temporal discretization,

as it is both A- and L-stable, which means it is unconditionally

stable and can prevent undesired numerical artifacts [33].∫
Ω

c
∂u

∂t
v dΩ ≈

∫
Ω

c
un+1 − un

∆t
v dΩ (7)

where ∆t is the time step of the transient thermal simulation.

Finally, the weak form of the heat PDE, equipped with Neu-

mann and Robin boundary conditions, can be expressed as:∫
Ω

c
un+1

∆t
v dΩ+

∫
Ω

k∇un+1∇v dΩ+

∫
ΓR

hun+1v dS

=

∫
Ω

fn+1v dΩ+

∫
ΓR

huambv dS +

∫
Ω

c
un

∆t
v dΩ

(8)

IV. ETLA-3D METHODOLOGY

This section details the technical methodology of ETLA-3D.

First, we present the overall framework in Section A. Subse-

quently, Section B gives the core assumption of ETLA-3D.

The aggregation of passive and active thin layers is presented

in Subsections C and D, respectively. Finally, Subsection E

gives two distinct aggregation strategies from conservative to

aggressive, allowing users to balance accuracy and efficiency.

A. Overall Framework

Fig. 2 illustrates the schematic of a flipped hybrid bonding

F2F Memory-on-Logic (MoL) 3D IC [34]. The bottom package

is not included because only 5% heat is dissipated through

the bottom heat path [35]. The die stack consists of seven

distinct layers [36]: logic bulk (thinned due to embedded

TSVs), logic FEOL, logic BEOL, hybrid bonding, memory

BEOL, memory FEOL and memory bulk. Among these, thin

layers include the sub-µm hybrid bonding layer (passive) and

two FEOL layers (active). These thin layers create significant

challenges, including complex meshing and high numerical

stiffness. Therefore, ETLA-3D is designed to avoid directly

modeling these thin layers, while still preserving their physical

effect on heat transfer.

As depicted in Fig. 3, our approach merges these thin layers

into their neighboring, thicker layers. ETLA-3D aggregates

passive and active layers using different equivalent models, and
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Fig. 2: The schematic of a flipped hybrid bonding F2F Memory-on-Logic
(MoL) 3D IC. The F2F 3D IC includes seven distinct layers: two bulk layers,
two FEOL layers, two BEOL layers, and one bonding layer. Among these, two
FEOL layers and bonding layer are thin layers below 1 µm.

offers two distinct aggregation strategies as Mode 1 and Mode

2 to balance between accuracy and efficiency.

B. The Core Assumption

The two modes of ETLA-3D are built on a core assumption:

within these thin layers, vertical heat transfer is the dominant

part of heat conduction, while horizontal heat conduction can

be considered negligible. This core assumption is valid when

1) layers are extremely thin, 2) power value gradients are not

significant.

The reason for 1) is that the extremely small thickness,

which means extremely small XZ and YZ cross-sections, leads

to massive horizontal thermal resistance. As a result, heat

flows almost exclusively in the vertical direction, making the

horizontal component of heat transfer negligible.

The reason for 2) is that a great gradient of power maps

directly leads to a great in-plane temperature gradient within

thin layers, thus offering a driving force for horizontal heat

transfer.

The validity of this assumption is further supported by

the experimental results presented in the next section, where

insignificant horizontal heat fluxes are found.

C. Aggregation of Passive Thin Layers

Passive thin layers, such as the sub-µm hybrid bonding

layers, perform two critical physical functions in heat transfer:

1) a thermal resistor between two BEOL layers, 2) a thermal

capacitor that stores and discharges heat. Therefore, the ag-

gregation of these passive thin layers must preserve the two

functions to avoid information loss.

First, the thermal resistance can be replaced by an equivalent

thermal contact surface resistance, Req(Km2/W ), applied to

the interface between the logic and the BEOL layers of the

memory. The equivalent surface resistance is calculated as

follows:

Req =
dHB

kHB

(9)

where dHB and kHB are the thickness of the hybrid bonding

layer and the thermal conductivity, respectively.

Then, the thermal capacitance is divided equally and trans-

ferred to the two adjacent BEOL layers. Therefore, the equiv-

alent volumetric heat capacity of each BEOL layer, cBEOL,eq ,

is calculated as follows:

cBEOL,eq =
CBEOL,eq

VBEOL

= cBEOL +
dHBcHB

2dBEOL

(10)
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Fig. 3: ETLA-3D can merge both passive and active thin layers into adjacent by replacing them with their interface models connecting their two neighboring
layers. ETLA-3D offers two distinct aggregation strategies: Mode 1 (conservative) and Mode 2 (aggressive). Mode 1 offers high accuracy with moderate
efficiency, while Mode 2 offers superior efficiency at the cost of slight simulation errors.

where VBEOL is the physical volume of each BEOL layer.

Therefore, the equivalent model of Mode 1 is depicted in Fig. 3.

To implement the equivalent model in FEM, the weak form

of each BEOL layer (represented by B) should include an extra

Robin-like surface integral term, modified from (8) to:∫
ΩB

cB,eq

un+1

∆t
v dΩ+

∫
ΩB

kB∇un+1∇v dΩ+

∫
ΓI

un+1

Req

v dS

=

∫
ΓI

un+1(−)

Req

v dS +

∫
ΩB

cB,eq

un

∆t
v dΩ

(11)

where ΓI is the interface of the two BEOL layers when the

hybrid bonding layer is removed in the geometry domain,

un+1(−) is the temperature of the other side of the interface.

For example, if the integral domain is the logic BEOL layer,

un+1(−) would be the temperature of the bottom surface of

the memory BEOL layer, and vice versa. As implied in (11),

Req is applied using a Robin-like integral term with the heat

transfer coefficient h replaced by the reciprocal of Req .

In this way, passive layers can be removed in the geo-

metric domain while their physical influences are preserved

as a Robin-like surface integral term over the interface cells.

Therefore, fine-grained bulk meshing of passive thin layers can

be avoided, effectively reducing the computational cost.

D. Aggregation of Active Thin Layers

Unlike passive thin layers, active layers, such as FEOL

layers, serve a third physical function: heat sources. Therefore,

the power maps of the active layers are equally divided into

two equivalent surface heat fluxes, Qeq (W/m2), flowing into

their adjacent layers:

Qeq =
PFEOLdFEOL

2
(12)

Here, PFEOL is the original volumetric power density (W/m3)

of power maps. Their equivalence model is illustrated in Fig. 3.

Its equivalent surface contact thermal resistance, Req , is calcu-

lated using the same formula as (9), with the subscripts replaced

by FEOL. Similarly, the thermal capacitance of each adjacent

layer, CBEOL,eq and Cbulk,eq , must be increased by half of the

thermal capacitance of the FEOL layer, and thus the equivalent

volumetric heat capacitance, cBEOL,eq and cbulk,eq are obtained

by dividing the thermal capacitance with the physical volume.

To clarify the corresponding FEM weak form, the logic bulk

(LB) layer is taken as an example. Considering Req , cbulk,eq ,

and Qeq , its FEM weak form should incorporate an extra

Neumann surface integral term, modified from (8) to:∫
ΩLB

cLB,eq

un+1

∆t
v dΩ+

∫
ΩLB

k∇un+1∇v dΩ

+

∫
ΓI

un+1

Req

v dS =

∫
ΓI

un+1(−)

Req

v dS

+

∫
ΩLB

cLB,eq

un

∆t
v dΩ+

∫
ΓI

Qeqv dS

(13)

where the script LB represents the logic bulk layer, un+1(−)
is the temperature of the bottom surface of the logic BEOL

layer, ΓI is the interface between the logic bulk layer and the

logic BEOL layer when the logic FEOL is removed from the

geometry domain. The weak form of the memory bulk FEM

is the same formula as in (13) with the subscript replaced by

MB. As for the two BEOL layers, an extra Req of the FEOl

layer, and Qeq should be added into (11).

Through transforming bulk heat sources into their equivalent

surface forms integrated into the FEM weak form, the active

layers can also be aggregated, further reducing mesh density

and thus computation cost.

E. The Two-Mode Design of ETLA-3D

ETLA-3D offers two distinct strategies for aggregating these

sub-µm thin layers, varying in their scope from a conservative

to a more aggressive approach. Conservatively, Mode 1 only

merges the passive hybrid bonding layer to its neighboring

layers, as shown in Fig. 3. This strategy primarily aims to

prevent direct bulk meshing of hybrid bonding layers, thereby

reducing meshing complexity, simulation DoFs and cost to a

moderate extent, while introducing minimal simulation errors.

More aggressively, Mode 2 extends this by aggregating not

only the hybrid bonding layer but also the logic and memory

FEOL layers. This broader aggregation significantly reduces

mesh complexity, simulation DoFs, and computational cost.

However, while Mode 2 introduces relatively larger simulation

errors than Mode 1, they remain within acceptable limits.

As shown in Fig. 3, the dual-mode design of ETLA-3D

allows users to balance simulation accuracy and computation

efficiency as needed.
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Fig. 4: Three MoL floorplans: Logic floorplan 1 is the SPARC processor, logic
floorplan 2 is the EV6 processor with the core magnified, and logic floorplan 3
is a simplified multi-core processor. Floorplans 2 and 3 share the same 3-cache
memory (right bottom).

V. EXPERIMENTS

A. FEM Toolchain Implementation

ETLA-3D is implemented leveraging an entire open-source

FEM toolchain: Gmsh [37] is utilized for FEM pre-processing,

including geometry modeling and mesh generation. With the

weak form of (8), (11), and (13), FEniCSx performs FEM

thermal simulation [38], and Paraview [39] is employed for

FEM post-processing. Experiments are conducted in a Linux

system with an Intel Ultra7 265K CPU and a 64GB RAM.

B. Experimental Setup

Fig. 2 illustrates the schematic of the hybrid bonding F2F

MoL 3D IC. The die stack’s horizontal dimensions are set to

500 µm (mobile-level). The heat spreader is twice the size of

the die stack and the heat sink is twice the size of the heat

spreader. The thickness of TIM, heat spreader, and heat sink

are 100, 300, and 1000 µm, respectively. The top surface of the

heat sink is defined as ΓR, with h = 1000W/m2K.

The two FEOL layers are designated as heat sources. As

shown in Fig. 4, three distinct floorplan couples are employed,

which have been widely utilized in [19], [20], [31], [40].

Four baselines are employed to evaluate the performance

of ETLA-3D: COMSOL Multiphysics [6], considered as the

ground truth, the original FEniCSx without thin layer equiva-

lence [38], HotSpot 7.0 [19], and 3D-ICE 3.1 [20]. The grid

resolution of HotSpot is 128×128. Non-uniform grid is adopted

in 3D-ICE. While HotSpot and 3D-ICE utilize direct sparse

solvers, they are also employed in COMSOL, the original

FEniCSx, and ETLA-3D to ensure fairness.

C. Results of Steady-State Simulation

Table I presents the performance comparison in steady-state

thermal simulation. Simulation precision is evaluated using

maximum absolute errors (MaxAE, °C) and mean absolute

errors (MAE, °C). Simulation efficiency is assessed by degrees

of freedom (DoFs) and simulation runtime.

Experimental results indicate that the MaxAE and MAEs of

Mode 1 are almost the same as the original FEniCSx, suggest-

ing that Mode 1 only introduces negligible errors (≤ 10−2°C).
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Fig. 5: The accuracy performance of ETLA-3D, HotSpot 7.0 and 3D-ICE 3.1.
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For efficiency, the DoFs are reduced from 1,427,259 to 804,288

(a 43.6% reduction), resulting in a nearly 3× speedup over

COMSOL. Mode 2 exhibits superior efficiency: the DoFs are

reduced from 1,427,259 to mere 29,591 (a 97.9% reduction),

yielding a nearly 80× speedup. Crucially, the MaxAE of Mode

2 maintained below 1.1°C. The error maps are shown in Fig. 5.

Compared with HotSpot and 3D-ICE, ETLA-3D demonstrates

superior performance in both MAE and runtime.

Subsection IV.B states ETLA-3D is valid when the verti-

cal heat transfer is dominant. To further investigate this, the

proportion of horizontal (in-plane) heat flux within the hybrid

bonding layer, logic FEOL layer, and memory FEOL layer are

illustrated in Fig. 6, where the horizontal part is found to be

insignificant within hybrid bonding layer (2.16% on average)

and memory FEOL layer (1.37% on average). While horizontal

part is generally insignificant in most regions of the logic FEOL

layer, its average proportion is 21.6%. Crucially, there are still

specific regions within the logic FEOL layer where horizontal

heat transfer becomes dominant, particularly at the interfaces

between functional blocks. This phenomenon arises because

significant power value gradients at these interfaces lead to

massive local thermal gradients, providing a driving force for

horizontal heat transfer.

D. Results of Transient Simulation

Table II presents the performance comparison in transient

simulation. The transient simulation was conducted for a dura-

tion of 3 seconds, with a constant time interval ∆t = 0.03s.

MaxAE is defined as the maximum value among the 100

recorded absolute errors, and MAE is their mean value.

Compared with COMSOL, Mode 1 achieves an nearly 20×

speedup. Notably, Mode 2 achieves second-level runtimes and

an approximate 700× speedup at most, while maintaining

MaxAE below 0.5°C. However, HotSpot failed to complete the



TABLE I: The performance comparison in steady-state simulation. COMSOL Multiphysics is considered as the golden results. The DoFs for COMSOL, FEniCSx,
HotSpot 7.0, 3D-ICE 3.1 (non-uniform mode), Mode 1, and Mode 2 are: 1401201, 1427259, 163852, 38000/35600/34400, 804288, 29591, respectively.

Floorplans Powermaps
COMSOL[6] FEniCSx [38] HotSpot 7.0 [19] 3D-ICE 3.1 [20] Mode 1 of ETLA-3D Mode 2 of ETLA-3D
Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s)

SPARC
1 63 (1.0×) 0.05 0.02 31.50 (2.0×) 1.01 0.97 9.11 (6.9×) 0.40 0.34 6.85 (9.2×) 0.06 0.02 20.06 (3.1×) 0.51 0.27 0.77 (81.8×)

2 59 (1.0×) 0.16 0.05 32.34 (1.8×) 0.99 0.80 9.06 (6.5×) 0.53 0.28 6.71 (8.8×) 0.16 0.05 20.66 (2.9×) 1.09 0.25 0.74 (79.7×)

3 61 (1.0×) 0.19 0.04 33.94 (1.8×) 0.74 0.59 9.86 (6.2×) 0.47 0.21 6.73 (9.1×) 0.19 0.05 20.37 (3.0×) 0.94 0.23 0.81 (75.3×)

EV6
1 61 (1.0×) 0.05 0.03 31.42 (1.9×) 0.80 0.61 8.64 (7.1×) 0.88 0.24 5.42 (11.3×) 0.05 0.03 19.55 (3.1×) 0.63 0.07 0.74 (82.4×)

2 58 (1.0×) 0.05 0.03 34.10 (1.7×) 0.84 0.69 8.26 (7.0×) 0.63 0.25 5.39 (10.8×) 0.05 0.03 19.55 (3.0×) 0.63 0.13 0.74 (78.4×)

3 62 (1.0×) 0.05 0.03 33.42 (1.9×) 0.84 0.69 8.15 (7.6×) 0.90 0.25 5.48 (11.3×) 0.05 0.03 20.02 (3.1×) 0.48 0.04 0.76 (81.6×)

Multi-core 1 61 (1.0×) 0.13 0.05 32.13 (1.9×) 1.01 0.94 6.67 (9.1×) 0.51 0.36 5.16 (11.8×) 0.13 0.05 19.72 (3.1×) 0.83 0.49 0.83 (73.5×)

Ratio - 1.0 1.0 - 9.8 19.0 - 6.2 6.9 - 1.0 1.0 - 7.3 5.3 -

TABLE II: The performance comparison in transient simulation. Transient thermal simulation was conducted for a duration of 3 seconds. The constant time
interval ∆t = 0.03s. The DoFs of COMSOL, FEniCSx, HotSpot 7.0, 3D-ICE 3.1 (non-uniform mode), Mode 1, and Mode 2 are the same as Table I.

Floorplans Powermaps
COMSOL [6] FEniCSx [38] HotSpot 7.0 [19] 3D-ICE 3.1 [20] Mode 1 of ETLA-3D Mode 2 of ETLA-3D

Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s) MaxAE MAE Runtime(s)

SPARC
1 1542 (1.0×) 0.15 0.01 348.50 (4.4×) N/A N/A >10,000 0.36 0.32 14.44 (106.8×) 0.15 0.01 72.34 (21.3×) 0.28 0.14 2.34 (659.0×)

2 1496 (1.0×) 0.17 0.02 362.59 (4.1×) N/A N/A >10,000 0.37 0.33 14.39 (104.0×) 0.17 0.02 76.23 (19.6×) 0.28 0.06 2.15 (695.8×)

3 1523 (1.0×) 0.13 0.02 357.44 (4.3×) N/A N/A >10,000 0.34 0.30 14.53 (104.8×) 0.13 0.02 74.74 (20.4×) 0.23 0.12 2.25 (676.9×)

EV6
1 1524 (1.0×) 0.13 0.01 365.82 (4.2×) N/A N/A >10,000 0.30 0.28 12.14 (125.5×) 0.13 0.01 73.87 (20.6×) 0.29 0.17 2.37 (643.0×)

2 1503 (1.0×) 0.14 0.02 373.74 (4.0×) N/A N/A >10,000 0.35 0.32 12.26 (122.6×) 0.14 0.02 73.80 (20.4×) 0.45 0.34 2.23 (674.0×)

3 1505 (1.0×) 0.12 0.01 384.10 (3.9×) N/A N/A >10,000 0.37 0.33 12.17 (123.7×) 0.12 0.01 73.17 (20.6×) 0.23 0.09 2.29 (657.2×)

Multi-core 1 1502 (1.0×) 0.16 0.04 376.13 (4.0×) N/A N/A >10,000 0.36 0.31 11.77 (127.6×) 0.16 0.04 69.72 (21.5 ×) 0.33 0.27 2.20 (682.7×)

Ratio - 1.0 1.0 - - - - 2.9 17.2 - 1.0 1.0 - 2.1 9.2 -

transient simulation within 10,000 seconds. This phenomenon

is corroborated by findings in [13], where HotSpot required

over 100,000 seconds to complete transient simulation of a 100-

nm 2-layer chip stack. This extremely low efficiency is directly

attributed to the presence of sub-µm thin layers. However, the

underlying mechanism remains unclear in [13].

In fact, such inefficiency can be explained by numerical

stiffness. HotSpot employs the explicit 4th-order Runge-Kutta

(RK-4) method as the transient solver. However, such explicit

transient solvers must adhere to the Courant-Friedrichs-Lewy

(CFL) condition, which stipulates that their time step length

must be sufficiently small to guarantee numerical convergence

[41]. In the context of transient thermal simulation, the CFL

condition can be expressed as:

∆t(
α

∆x2
+

α

∆y2
+

α

∆z2
) ≈ ∆t

α

∆z2
≤ 1 (14)

where α is thermal diffusivity (m2/s), ∆x, ∆y, and ∆z
represent the cell width, height, and thickness, respectively.

Sub-µm thin layers result in an extremely small ∆z. To ensure

numerical convergence, its maximum allowable step length is:

∆tmax ≈
∆z2

αsilicon

=
Csilicon∆z2

ksilicon
≈ 1.05× 10−9s (15)

Therefore, leveraging RK-4, HotSpot is compelled to ad-

vance with a nanosecond-level step length, resulting in its

low efficiency. This issue can be avoided by the proposed

aggregation technique, or implicit transient solvers, such as the

backward Euler method used in other simulators [20].

E. Investigation onto Thickness Sensitivity

As previously stated, ETLA-3D is valid when the vertical

heat conduction is dominant, which is true as long as layers

are sufficiently thin. Therefore, we conduct an investigation of

thickness sensitivity. As shown in Fig. 7, errors grows as the

thickness increases. This is because thicker layers promote hor-

izontal heat transfer and consequently undermine the validity of

ETLA-3D. The MaxAE of Mode 2 reaches 1.01°C (HotSpot)

when h is nearly 4.4 µm (h1). The MAE reaches 0.97°C when

h is nearly 7.5 µm (h2). Consequently, Mode 2 is recommended

when FEOL layer is thinner than h1, at least h2 to guarantee

𝒉𝟎 = 300nm 𝒉𝟏 ≈ 4.4𝝁𝒎

Max AE = 1.01℃

𝒉𝟐 ≈ 7.5𝝁𝒎
MAE = 0.97℃

Fig. 7: Investigation on thickness sensitivity: The evolution of MaxAE and
MAE as the FEOL thickness increases. The test case is SPARC 1 in Table I.

accuracy. However, FEOL layers are sub-µm thick in advanced

nodes [35], far from the two thresholds h1 and h2. Therefore,

ETLA-3D can be regarded valid for hybrid bonding F2F 3D ICs

in advanced nodes without compromising simulation accuracy.

VI. CONCLUSION

In this work, we have highlighted the challenges posed by

sub-micrometer thin layers in hybrid bonding F2F 3D ICs.

To address these, we introduced ETLA-3D, an equivalent thin

layer aggregation-based thermal FEM methodology. ETLA-3D

offers two operating modes, allowing users to balance accuracy

and efficiency as needed. Experimental results demonstrate

that ETLA-3D achieves up to 695.8× speedup compared to

COMSOL Multiphysics, while maintaining simulation errors

below 1.1°C. Looking ahead, we plan to extend ETLA-3D to

handle more complex BEOL layer structures.
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