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Abstract—A high-density-3D test-vehicle showcasing a syn-
chronous cache coherent mesh interconnect design (Arm
Neoverse® CMN-600) operational at frequencies up to 2.4 GHz
and partitioned in 3D using 5.76um pitch face-to-face wafer-bond
3D connections on a 12nm FinFET process is presented. The test-
vehicle is designed using an industry tool compatible innovative
physical implementation flow and serves as the first known
industry demonstration of the IEEE 1838 3DIC Design-for-Test
(DFT) standard. We demonstrate a 3D aggregate bandwidth of
307 GB/s, a record bandwidth density of 3.4 TB/s/mm?, and
an energy efficiency of 0.02 pJ/bit for the 3D-stacked dies. We
present measurement and analysis data from 945 dies where a
total of 13.5 million signal 3D wafer-bond nets and 20 million
power-delivery 3D wafer-bond nets on multiple wafer-bonded
pairs are tested showing robust functionality, paving the path
for 3D-stacked high performance logic-on-logic applications.

I. INTRODUCTION

3D stacking technologies have the potential to augment
Moore’s Law scaling through improved bandwidth, lower
interconnect latency and power consumption, reduced cost
through assembly of “Known-Good-Die” and better cost ef-
ficiency due to heterogeneous integration. High-density 3D
stacking technologies with sub-10um wafer-bond pitch expand
the System-on-Chip (SoC) design space and enable partition-
ing across three dimensions and cross-3D-tier timing optimiza-
tion. This work uses the 3D design space to improve system-
level interconnects and illustrates the strong collaboration
between design, foundry and Electronic Design Automation
(EDA) that is required to demonstrate performance and power
improvement with 3D stacking (Fig. 1).

II. 3D HYBRID WAFER BONDING AND TEST

Fig. 2 shows the 3D face-to-face hybrid wafer bonding and
test flow. Prior to bonding, wafers are tested using top-metal
layer pads to sort and pair wafers with similar device per-
formance. Hybrid bonding terminals are fabricated at 5.76um
pitch and bonded in a face-to-face configuration [1]. One of the
wafers is thinned to reveal the Through-Silicon Vias (TSVs)
required for I/O or test signals and power delivery to the 3D
chip and pads are fabricated on the revealed TSVs for C4
bumps. At this stage, post-bond wafer-level tests of the entire
3D design are conducted before dicing and package assembly.

II1. 3D DESIGN

The Neoverse® CMN-600 product family is Arm’s second-
generation, highly configurable, mesh-based coherent inter-
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connect based on the AMBA® CHI (Coherent Hub Interface)
cache coherent protocol specification [2] (Fig. 3(a)). The co-
herent interconnect is a vital component to enable many-core
systems to scale without compromising latency and available
memory bandwidth. In this 3D test-vehicle a 2x2 CMN-600
interconnect mesh is implemented in 3D, wherein 2 mesh
routers (the “XP” blocks in Fig 3(b)) are located in each 3D
tier, as shown in Fig 3(b). A 3D mesh can be superior to a 2D
mesh since it increases the total number of links in the system
and reduces the average number of hops between mesh router
points, as shown in Fig. 3(c), which can improve the overall
throughput of the system [3].

Fig. 4 shows the logic block diagram of the functional
components in the test-chip. The Register-Transfer Level
(RTL) functional units are partitioned according to the 3D
layers. The test-vehicle consists of 4 CMN-600 cache coherent
mesh routers as well as multiple 2D and 3D test-structures to
monitor the 3D process and yield. A key feature of this test-
vehicle is that it is a completely synchronous 3D design with
a single clock domain. Additionally, no synchronizing circuits
are used at the 3D interface between the two tiers. Fig. 5
describes an industry standard, EDA-tool-compliant physical
design flow which includes a ‘multi-tier co-placement’ step
that allows us to co-optimize the location of gates and 3D
connections across both 3D layers simultaneously, enabling
cross-tier timing closure in a single design database [4].

All measurements presented in this paper were done using
IEEE 1838 3DIC design-for-test (DFT) standard [5] compliant
implementation (Fig. 6). Primary test access ports (PTAP)
and associated controllers on each tier enable DFT scan tests
of each layer independently. Additionally, the die-wrapper
registers enable cross-tier scan tests of the interface. To the
best of the authors’ knowledge, this test-vehicle is the first
known implementation of the IEEE 1838 3DIC DFT standard.

Fig. 7 shows the GDS view of the final 3D design. The
I/O gates are connected to both the top metal layer pads for
pre-bond 2D tests as well as the C4 bumps through TSVs, for
post-bond 3D test. Fig 7(e) shows the 3D cross-section image
from the test-vehicle with 3D wafer-bond pads visible from
both 3D-stacked dies. Table I describes the key metrics for
the 3D stack design. A total of 13.5 million 3D signal-nets
were tested on multiple wafer-bond pairs.

IEDM20-303



IEDM20-304

IV. RESULTS AND DISCUSSION

Pre-bond testing using the top metal layer pads allows us
to sort wafers based on device performance and match wafers
for bonding as shown in Fig. 8. Fig. 9 shows correlation
between post-bond 3D stacked wafer probe measurements and
post-diced packaged parts. In order to test the yield of 3D
connections across the wafer bonding sites, various 3D ring
oscillators (ROs) are implemented on the chip. Fig. 10 shows
MUX-based ROs that enable us to locate failing wafer-bond
pads on the die as well as ‘chain ROs’ that test multiple
wafer-bond pads between gate stages. No failures are observed
during the RO testing of 945 dies, measuring a cumulative 10
million 3D signals over multiple wafer-bond pairs.

3D gate-to-gate delay is measured using 3D ROs where
every subsequent stage alternates between the two tiers (Fig.
11). It is observed that 3D fan-out-of-1 (FO1) delay can be
as low as 2D fan-out-of-3 (FO3) delay (<20ps). At high
supply voltages the delay reduces to FO2-equivalent delay.
Simulations show that optimized gate sizing can enable lower
delays ("10ps or less) at nominal supply voltages. Fig. 12
shows the distribution of measured delay of 2D and 3D ROs
from multiple wafers and their correlation with simulation.
3D delay is well matched with simulation, giving confidence
in the 3D-ready process-design-kit (PDK) used for timing
simulations.

Fig. 13 plots the distribution of 2D FO1 gate-delay from
the top and bottom die from multiple wafers. The delay skew
(absolute difference in RO stage-delay between top and bottom
die on the same die location) distribution has a ;1 =-1.34% and
o =2%, which demonstrates that the process skew between
top and bottom tier is well controlled. In Fig. 14 we utilize
the skew data to show that a small supply voltage difference
("10mV) can eliminate the measured skew between the two
3D layers. These results highlight the feasibility of a single
clock domain design in 3D.

In a 2D mesh interconnect, cross-point routers (XPs) are
located about 1 or 2mm apart to account for the placement
of the CPUs and system-level caches (SLC) that attach to the
XPs. For a 3D-mesh interconnect, the XPs are co-located in
the same X-Y location but on different 3D tiers. Fig. 15 shows
the energy and delay difference between 2 adjacent XP links in
2D versus 3D. 3D enables orders of magnitude improvement
in both energy and delay when you compare short 3D vertical
links to 1-2mm 2D links.

The 2x2 3D mesh interconnect is implemented with a
single clock source as shown in Fig. 4. Fig. 16 shows the
results of static-timing-analysis (STA) before sign-off using
the physical implementation flow described in Fig. 5. Fig. 16
plots the number of paths versus timing slack for a target
frequency of 1.5GHz (a clock period of 667 ps). As seen,
most timing critical paths are 2D (blue) with a few 3D critical
paths (red) since XP-XP connections in 3D are vertical with
minimized wire-routing. The timing closure includes standard
margins used for on-chip device and wire variation in a 2D
design but no special margins are added for the 3D tier-

crossings. Fig. 17 is a Shmoo plot that shows the design
operational at 1.58 GHz at 0.8V supply voltage (Vpp) and
2.3 GHz at 1V Vpp, validating the 3D design and sign-
off methodology. Fig. 18 plots a distribution of maximum
measured frequency for the 3D mesh at 0.8V and 1V Vpp
from multiple wafer-bonded pairs. All measured samples show
operational frequency exceeding the 1.5GHz design point.
At 1V Vpp, most measured samples operate at 2.4 GHz
or higher. Transition delay ATPG (Automatic Test Pattern
Generation) patterns and at-speed MBIST (Memory Built-In
Self Test) patterns are used as stimulus when measuring the
operational frequency of the die.

This work demonstrates that a key value of hybrid bonding
3D technology is the ability to communicate across two dies
without requiring special circuits such as PHYSs that are needed
for advanced packaging technologies that use bumps at the
interface. We further demonstrate that it is possible to design
a synchronous 3D design with robust process control and
careful pre-bond matching of wafers. This enables 3D stacked
designs to implement the on-chip interconnect bus across dies
with simple logic gates as drivers, resulting in an order-
of-magnitude lower die-to-die latency as shown in Fig. 19.
Table II presents a comparison of state-of-the-art 2.5D and 3D
packaging technologies with figures of merit (FOM) metrics
such as bandwidth, bandwidth density and energy-per-bit.
Hybrid bonded 3D stacking achieves an order-of-magnitude
higher bandwidth density and lower energy-per-bit owing to a
purely digital synchronous die-to-die interface. Designs with
cross-tier connections exceeding the 3D stacking pitch or with
large die-to-die variations will likely require synchronization
circuits at the interface.

V. CONCLUSIONS

In this work a 3D test-vehicle built using a high-density
face-to-face wafer-bonding technology at 5.76um 3D pitch
with 12nm FinFET devices is demonstrated. The featured
cache coherent interconnect mesh is tested to be operational
up to 2.4 GHz and achieves 10X lower bandwidth density and
energy-per-bit compared to state-of-the-art 2.5D/3D bump-
based technologies. Key contributions include an industry
EDA-tool-compatible 3D physical design flow, the first known
demonstration of IEEE 1838 3D DFT standard, and compre-
hensive device and 3D cross-tier delay characterization with a
cumulative test of 13.5 million 3D connections across multiple
wafer-bond pairs. This work is an essential step towards
proving the viability of 3D technologies for next generation
high-performance and energy efficient designs.
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Fig. 1 The 3D integration roadmap.

This work targets 5.76um 3D face-
to-face bonding pitch. Strong Design-
Foundry-EDA collaboration is impor-
tant for high-density 3D technologies.
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Fig. 2 3D process and test flow diagram showing (a-
b) pre-bond tests using top metal test pads to enable
wafer-sorting and matching, (c-d) hybrid wafer bonding
at hybrid bonding terminal (HBT) layer and (e) TSV
reveal with contact metal, (f-g) post-bond test through
C4 bumps and TSV and packaging.
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Fig. 3 (a) Arm CMN-600 interconnect, (b) a
conceptual 3D mesh. The blue blocks (2x2
mesh cross-points) are implemented in the test-
vehicle and (c) number of links and average
hops in 2D versus 3D mesh.
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Fig. 6 IEEE 1838 compliant 3D DFT used
in the test-vehicle.

Fig. 5 A novel 3D physical implementation
flow enabling multi-tier co-placement and
timing optimization.

Fig. 4 3D test-vehicle logical block diagram. The logical
blocks are pre-partitioned into top and bottom tiers.
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Fig. 7 (a) 3D design GDS view, (b) zoom-in view of the I/O cells, top-metal I/O pads for pre-bond testing and C4 bumps connected via TSVs, (c) zoom-in
view showing C4 bumps, TSV and wafer-bond pads, (d) 3D-stack cross-section figure and (e) corresponding die cross-section image from the 3D test-vehicle.

[ Wafer3 vs. Wafer4 @ RVT 3D ring-oscillator
: - 0 g
Process technology 12nm FinFET 3 & Wafer5 vs. Wafer6 ‘€ || A LVT 3D ring-oscillator B
Metal layers per die 11 8 aé @ SLVT 3D ring-oscillator E @
D i Face-to-face hybrid § [7)
stacking wafer bond ] 5
3D pitch 5.76 5 @ A
1tC . m o
p u L ° ABNA
TSV diameter Sum & € A
" [] (] i

C4 bump pitch 150um E 5 A s )

Active die area 1.18mm? 2 k]
S O 0.2
3D signals for CMN-600 1600 per XP E 8’ & / .
3D signals/die 13800 S RVT S| @ o

O ©

3D pads for power delivery/die 22158 = o . 0= -

- - % Change
Cumulative 3D signal-nets tested 13.5 million
from 945 wafer-bonded dies Bottom 2D Wafer RO performance (a. 0.) Wafer-probe measruements
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Fig. 8 Example pre-bond measurements from 6
wafers to match for bonding. Good correlation
observed between selected wafers for bonding.

Table I Key metrics of the 3D stacked test-
vehicle. The vehicle demonstrates the feasibility
of hybrid-wafer bonding for logic-over-logic
high-density 3D design.
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Fig. 10 CDF of 3D ROs measuring 3D con-
nection yield. Each 3D MUX RO tests 394 3D
connections and 3D CHAIN RO tests 922 3D

connections on each die.

Fig. 11 Measured 3D RO stage-delay. 3D
FO1 gate-delay can be as low as 2D FO3
gate-delay.
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Fig. 14 Measured data showing that 10mV
supply voltage bias can mitigate process-skew

between 3D bonded wafers.
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Fig. 17 Shmoo plot showing the 3D mesh oper-

ational at 1.58GHz at Vpp=0.8V and 2.3GHz

at Vpp=1V supply as designed.
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[6] 71 [8] This work

Technology Silicon bridge (2.5D) SIIICOTZI?;;WSH Foveros (3D) Hybrid bonding (3D)
2.5D/3D pitch 40um 40um 36um 5.76um
Interconnect MDIO LIPINCON - AMBA® CHI
Supply voltage 0.5 0.3 - 0.8 1

Pin speed (Gb/s) 5.4 8 0.5 1.6 2.4
Bits - 320 200 512
Aggregate
Bandwidth (GB/s) - 320 125 204.8 307.2
Bandwidth Density

(GB/s/mm?) 198 198 not reported 2276 3413

Energy/bit (pJ) 0.5 0.56 0.2 0.013* 0.021*

*Energy/bit estimated based on 3D ring-oscillator current measurements.

Table II Comparison of state-of-the-art 2.5D and 3D die-to-die metrics. 3D hybrid bonding
technology offers an order-of-magnitude better bandwidth, bandwidth density and energy/bit
compared to existing 2.5D/3D bump-based techniques.
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