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High Thermal Conductivity Insulators for
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Abstract— As physical transistor scaling nears its funda-
mental limits and many applications are increasingly bot-
tlenecked by memory bandwidth, three-dimensional (3D)
integration is a promising avenue for continuing Moore’s
law. Effective thermal management is crucial to unlocking
the full performance benefits of 3D integrated circuits (ICs),
due to the difficulty of removing heat from all layers in the
3D stack, and also due to thermal coupling between layers.
Here, we explore the limits of passive thermal management
in 3D ICs achievable using high thermal conductivity elec-
trical insulators AIN and hexagonal BN (hBN). We show that
replacing the thermally-resistive interlayer dielectrics of 3D
ICs by high thermal conductivity insulators can greatly
reduce the thermal resistance between layers and eliminate
many of the thermal challenges of 3D ICs. Moreover, in a
memory-on-logic architecture in which thermal insulation
between memory and logic is desirable, highly anisotropic
insulators such as hBN could be used as a heat spreader to
keep both memory and logic dies relatively cool.

Index Terms—Thermal management, nitrides, three-
dimensional integrated circuits, heat spreader, thermal
conductivity.

I. INTRODUCTION

HE semiconductor industry has relied on increasingly
T creative ways to follow Moore’s law, including new tran-
sistor designs, different dielectric and interconnect materials,
as well as solving layout and reliability challenges. Three-
dimensional (3D) integration [1], [2], [3] offers a way to
further increase transistor density by stacking dies vertically to
cram more components into an integrated circuit [4] package.
Moreover, by boosting logic-memory connectivity [5] through
dense vertical vias, 3D integration can greatly improve mem-
ory bandwidth [6], [7], [8], [9], which is in heavy demand in

data science and machine learning workloads [10], [11].
However, 3D integration is not without challenges, one of
which is thermal management. The dies in the 3D stack which
are far from heat sinks could reach high temperature [12], lead-
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ing to myriad performance and reliability challenges [13], [14],
unless power density is reduced considerably compared to
modern planar ICs. Furthermore, in a memory-on-logic archi-
tecture, it may be desirable to thermally isolate the logic
and memory dies to improve efficiency and data retention by
keeping the memory layer cool [15].

In this work, we compare three different materials as
the interlayer dielectric (ILD) of 3D ICs: silicon dioxide
(SiOy) with thermal conductivity (k) = 1.4 Wm™!K~! [16],
aluminum nitride (AIN) with k ~ 250 Wm~!'K~! [17], [18]
and hexagonal boron nitride (hBN) with k &~ 400 Wm™'K~!
in-plane and ~ 5 Wm™'K~! cross-plane due to its layered,
highly anisotropic nature [19]. SiO; is taken as a standard
reference material, even though the low-« porous dielectrics
commonly used in modern chips tend to have a lower thermal
conductivity (TC) than SiO, [20].

Il. RESULTS
A. Geometry Simplifications

A quantitative thermal analysis is strongly dependent on the
detailed layout, materials, and packaging of a 3D IC. In order
to consider as broad and relevant a scenario as possible, here
we analyze two main geometries: (1) a 3D IC with five stacked
logic dies, all generating heat, and (2) a 3D IC with a memory
die on a (heat-generating) logic die. The first case is a simple
model for a 3D logic IC in which heat removal from the
upper dies is the primary concern. The second case models
a memory-on-logic architecture wherein the main concern is
the peak temperature rise in the memory die.

As a simplifying assumption, each die is taken to be identi-
cal, with its detailed geometry taken from the execution unit of
the OpenSPARC T2 processor core [21] designed in a 28 nm
process design kit (PDK), with 9 layers of interconnects. The
circuit geometry of a single die was obtained by extruding
the layout of this circuit into 3D. This is illustrated in Fig. 1
for a small section of the interconnect network. The wide
range of length scales in the interconnect network makes it
difficult to mesh and simulate the complete geometry. We
thus reduce each interconnect layer (for each ILD material
considered) into a uniform, anisotropic medium that yields
the same thermal resistance (TR) in each of the x, y and z
directions [22], [23] via the procedure described in Fig. 1.
In the z (vertical) direction, uniform temperature boundary
conditions are applied to the top and bottom surfaces of each
interconnect layer of thickness ¢ (embedded in the appropriate
ILD), with a temperature difference AT. The TC component
k., of the effective medium is calculated as g#/AT, where g
is the resulting average vertical heat flux, so that the effective
medium has the correct vertical TR. This procedure is similarly
repeated in the lateral directions, yielding ky, and kyy.

0741-3106 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Stanford University. Downloaded on March 04,2023 at 23:38:12 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-2701-9241
https://orcid.org/0000-0003-0436-8534

KOROGLU AND POP: HIGH THERMAL CONDUCTIVITY INSULATORS FOR THERMAL MANAGEMENT IN 3D ICs

497

Fig. 1.

Interconnects
embedded in ILD

Reduce interconnect
layer to one with
uniform anisotropic
thermal conductivity

1 um

Simplifying the stacked 5-die thermal simulation, with each (of 9) interconnect layer replaced by a uniform, anisotropic effective material.

The interlayer dielectric is not shown, for clarity. The effective thermal conductivity of an interconnect layer in a certain direction is determined by
applying constant-temperature boundary conditions on opposite sides, and computing the average normal heat flux g through the layer.
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Fig. 2.

(a) Simplified schematic of periodic array of heaters (with uniform power density) in a 5-die logic IC. (b-d) The peak temperature rise (AT)

above ambient (normalized by heater power density) in the uppermost die as a function of hot spot size and period for SiO», hBN and AIN as ILD,
respectively. (e) Thermal circuit for the 1D heat transport problem. (f) Normalized AT in each die, heated uniformly. Dashed lines are the best fits
to the analytic solution of the 1D heat transfer equation. (g) Normalized peak AT in the top (dashed) and bottom dies (solid lines) as a function of
hot spot size, for only a single column of hot spots. Inset: zoomed-in view of AT for hot spots smaller than 0.1 mm.

We note that the choice of ILD influences the system simu-
lations through different effective TCs. In particular, due to its
anisotropy, hBN yields a higher k., and kyy, causing a reduc-
tion in the spreading TR of interconnect layers in the 3D IC.

B. Heat Removal

To simply model a 5-die 3D logic IC, we consider the
periodic array of square heaters shown in Fig. 2(a). Each
heater (hot spot) dissipates uniform power density of unity
at the top of 1 um thick Si, just below the 4 um thick
interconnects (see Fig. 1). The 1 wm Si thickness chosen
here falls between Si thicknesses found in monolithic 3D ICs
(< 500 nm) and those using through-silicon vias (10s of
um) [24] and has little effect on our overall conclusions.
The IC is assumed to be cooled primarily from the bottom,
where the heat spreader, thermal interface material (TIM) and
heat sink are lumped into an effective heat transfer coefficient
(HTC) of 10> Wm~2K~!. This HTC is typical of common
TIMs used in device packaging [25], [26], and close to what
is achieved with advanced cooling solutions [27], [28], [29].
We choose such an optimistic cooling solution to ensure the
relevance of our results to future packaging technologies, and
to focus on the impact of the ILD choice, because for more

common cooling solutions and large hot spots, the package and
heat sink TRs tend to dominate chip temperatures [30]. For
simplicity, we assume an adiabatic boundary at the top surface.
We can gain insights into the differences between the
ICs with different ILDs by simulating this configuration for
various hot spot sizes and periods. Figure 2(b-d) show the peak
temperature rises above ambient (normalized by the heater
power density) in the uppermost die as a function of hot spot
size and period for SiO,, hBN and AIN as the ILD material,
respectively. For large hot spots, hBN and AIN yield consid-
erably lower temperatures than SiO;. This can be understood
by looking at the case of equal hot spot size and period, the
dashed magenta line in Fig. 2(b). Here, the hot spots are all
“just touching”, such that each die is heated uniformly and
heat flow is one-dimensional (1D). This 1D thermal circuit
is shown in Fig. 2(e), where g is the heater power density,
N = 5 is the number of dies, Rgje, Rsup and Ry are the die,
substrate and lumped heat sink TRs per unit area, respectively.
Fig. 2(f) shows the temperature in each die for this case.
This 1D vertical heat flow problem can be solved analyti-
cally, and noting that all heat generated in die m flows “down”,
the temperature rise in die n due to die m is AT, /g =
Rhs~+ Rgup + Raie(min{n, m } —1). The temperature rise in die n
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is found by adding the contributions from all N dies, yielding:
AT, /q = (Rns + Rsup) N + Rdie(n — 1)(N —n/2).

The simulated die temperatures are naturally well-described
by this equation, and the best-fit curves are shown as dashed
lines in Fig. 2(f). From the fit lines, we can determine Rgic,
and using Rgie = fin/ket + tsi/ks; (total thickness of inter-
connect layers fipy = 4 pm, Si thickness fg; = 1 pum, and
Si TC ksi = 140 Wm™'K~!) determine the effective TC
kerr of each die for different dielectrics. We find kefr siop =
34 Wm™'K™!, kegrnpny = 6.9 Wm™'K™! and kegran =
150 Wm~'K~!. We note these numbers are impacted by
the Cu interconnects and the thermal boundary resistances
between dissimilar materials, so ke differs from the ILD TC
(i.e. it is higher for SiO, and higher than hBN cross-plane,
but lower for AIN).

Owing to its high TC, AIN yields by far the highest k. and
is thus most effective for extracting heat from dies that are far
from heat sinks. Hence, for a logic-on-logic architecture where
power distribution is uniform or hot spots are rather large, the
cross-plane TC of the ILD is the most important parameter
and should be maximized for low temperatures. Note also that
ket nN 15 only slightly higher than hBN’s cross-plane TC,
which shows that even though hBN’s high in-plane TC does
reduce the vertical TR of dies by facilitating heat transfer into
interconnects (this is captured during interconnect geometry
simplification, explained in Section II-A), its effect on the
overall TR is very small.

At the other end of the spectrum, consider the case of a
very large hot spot period, illustrated by the green dashed
line in Fig. 2(b), so that the 3D IC is effectively heated by a
single column of heaters. This represents a kind of worst-case
scenario in which highly active circuit blocks dissipating
large amounts of power happen to coincide vertically in each
die. While we have also explored more thermally favorable
arrangements of heaters with minimal vertical overlap [31],
the thermal impacts of the ILD remain similar. Lowering
temperatures in 3D ICs through thermally-aware floorplanning
is discussed elsewhere [32], [33].

Fig. 2(g) takes a closer look at the worst-case scenario,
plotting the peak temperature rises in the lowermost and
uppermost dies. Once again hBN and AIN offer much lower
temperatures than SiO,, with the top and bottom die peak
temperatures being very close for AIN. Looking at the
smaller hot spots (< 300 pm), the high in-plane TC and
low cross-plane TC of hBN jointly allow the heat generated
in upper dies to spread over a larger area of the substrate,
yielding the lowest temperatures in the bottom die, lower than
AIN by over 20%. For small hot spots, hBN also yields much
lower temperature rises in the uppermost layer than its low
cross-plane TC might suggest, approaching the effectiveness
of AIN at cooling the upper layers. This shows that lateral
heat spreading provided by strongly anisotropic materials
such as hBN is promising in logic-on-logic ICs if the power
distribution is especially non-uniform.

C. Thermal Spreading and Decoupling

We finally consider a memory-on-logic scenario [Fig. 3(a)],
with a top memory die heated by a hot spot in a bottom
logic die [15]. Here, it may be desirable to thermally decouple
the memory from the heat-generating logic [34], as high
temperatures impact reliability [35] and retention [36], [37],
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Fig. 3. (a) Simplified schematic of 2-die memory-on-logic IC, with hot
spot in the logic die. (b) Normalized peak AT in the logic (solid lines)
and memory dies (dashed lines) for different hot spot sizes and ILDs.
Inset: zoomed-in view of AT for hot spots smaller than 0.1 mm.

[38] of memory technologies such as dynamic random-access
memory. Moreover, it is important that hot spots in the logic
layer do not result in large temperature non-uniformities in
the memory die, to minimize spatial variability across memory
devices. In our simulations, only the logic die generates heat,
with the top and bottom surfaces of the IC modeled by a
HTC of 10° Wm™2K~!'. We note that the results for small
(< 500 wm) hot spots and the overall trends remain largely
the same for HTCs < 10> Wm™2K~!.

The normalized peak AT in the active layers of the
memory and logic dies are plotted in Fig. 3(b). For wide,
chip-scale hot spots, the temperature rises are dictated mainly
by the heat sink, so the ILD plays a minimal role. For smaller
hot spots (see inset), there is still a relatively small difference
between SiO; and AIN. However, hBN’s anisotropic TC
offers much lower temperatures in the memory die compared
to other ILDs, reaching about half the logic die peak AT at a
hot spot size of 60 um. Consequently, with hBN, the effects
of non-uniform heating in the logic die (characterized by
the presence of localized hot spots) is greatly diminished in
the memory die. These results indicate that hBN’s relatively
low cross-plane TC (despite being higher than that of SiO;)
serves to isolate the memory and logic dies somewhat, while
its high in-plane TC helps it keep both dies relatively cool
through lateral heat spreading.

[Il. CONCLUSION

We have described a simulation framework that, given the
layout of a 3D IC, allows us to construct its simplified thermal
circuit. We used this framework to analyze the implications
of the ILD thermal conductivity on the temperatures of a
3D logic IC and a memory-on-logic IC, for various power
distributions. Key insights are that (1) isotropic, high thermal
conductivity insulators such as AIN are superior for heat
removal for intermediate layers of the 3D stack, (2) strongly
anisotropic materials such as hBN are effective at reducing
peak temperatures due to localized hot spots, and (3) strongly
anisotropic materials such as hBN can also be useful for
reducing temperatures in applications that require thermal
decoupling between dies.
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