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Abstract—Monolithic three-dimensional (3D) integrated cir-
cuits (ICs) achieve ultra-high density device integration through
fine-grained connectivity enabled by monolithic inter-tier vias
(MIVs). In this paper, an open source standard cell library
for design automation of large-scale transistor-level monolithic
3D ICs is proposed. A 128-point, highly parallelized FFT core
with 330K cells is implemented with the proposed library.
Power and timing characteristics of monolithic 3D ICs are
quantified. The effect of signal integrity and routing congestion
on timing characteristics is investigated. The primary clock tree
characteristics of monolithic 3D ICs are also discussed. The
proposed open source cell library facilitates future research on
multiple aspects of monolithic 3D technology.

I. INTRODUCTION

During the past decade, through silicon via (TSV) based
three-dimensional (3D) integrated circuits (ICs) attracted sig-
nificant attention due to promising characteristics in reducing
global interconnect delay, increasing transistor density, and
enabling heterogeneous integration [1], [2]. TSVs, however,
are long vertical vias etched within the silicon substrate with
typical diameters in the range of several micrometers. Thus,
TSVs are several orders of magnitude larger than nanoscale
devices, thereby limiting the integration density and the power
and performance advantages of vertical integration due to
significant TSV capacitance [3]-[5].

Monolithic inter-tier via (MIV) based 3D integration en-
ables significantly higher interconnect density since MIVs
have comparable size to conventional on-chip metal vias,
provided by the high alignment precision and thin top layer [6].
Thus, circuit-level research on monolithic 3D technology has
significantly grown, particularly after the highly encouraging
developments on sequentially fabricating multiple transistor
layers with a controlled temperature [7].

Three design methods have been proposed for monolithic
3D integration: transistor-, gate-, and block-level [8]. In
transistor-level monolithic 3D integration, as focused in this
paper, nMOS and pMOS transistors within a circuit are
separated into two different tiers, as depicted in Fig. 1. This
approach not only achieves fine-grained 3D integration with
intra-cell MIVs, but also enables the individual optimization
of the bottom and top tier devices. In gate-level monolithic
3D integration, multiple cells within a functional block are
partitioned into multiple tiers. MIVs are utilized for inter-cell
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Fig. 1. Cross-sections of the conventional 2D and transistor-level

monolithic (TL-Mono) 3D technology with two tiers. The top tier hosts
the nMOS transistors whereas the pMOS transistors are placed within
the bottom tier.

communication. Finally, block-level monolithic 3D integration
represents a more coarse-grain integration where the partition-
ing of the IC is achieved based on individual functional blocks.

In this work, an open source cell library [9] based on full-
custom design of each cell is developed and fully integrated
into design flow for transistor-level monolithic 3D integration.
A 128-point FFT core [10] is implemented, providing useful
insight on power, timing, clock tree, and routing/congestion
characteristics of large-scale monolithic 3D ICs.

The rest of the paper is organized as follows. Related
previous work and contributions of this paper are summarized
in Section II. The details of the proposed open source cell
library, characterization, and comparison with 2D cells are
provided in Section III. Power/timing and several important
physical design characteristics of a FFT core with monolithic
3D implementation are investigated in Section IV. Finally, the
paper is concluded in Section V.

II. SUMMARY OF PREVIOUS WORKS AND
CONTRIBUTIONS OF THIS PAPER

Liu and Lim have investigated the design tradeoffs in mono-
lithic 3D ICs, providing physical design guidelines and insight
into the routability issue [11]. Authors, however, have assumed
that the monolithic 3D gates and traditional 2D gates have the
same power and timing characteristic. Lee et al. have fixed
this limitation by individually characterizing transistor-level
monolithic 3D cells [12]. The power characteristics of several
3D monolithic benchmark circuits have been investigated and
compared with 2D versions at similar timing performances.



The authors, however, have adopted the cell-folding method
and used the same pull-up and pull-down networks as in 2D
cells. As a result, the proposed 3D cells are not optimized
for footprint. In addition, the timing constraints are relatively
relaxed, which may prevent to investigate the behavior of
the monolithic 3D technology under tighter clock frequency
constraints. Power benefits of transistor-level monolithic 3D
ICs through custom design of a cell library in 14 nm tech-
nology have also been demonstrated [13]. A cell-level RC
extraction methodology is described. The authors, however,
did not investigate the timing characteristics and the effect of
routing congestion on timing.

The primary contributions of this paper are as follows: (1)
monolithic 3D cells are developed in full-custom methodology
with cell-stacking technique, while optimizing the footprint.
Higher reduction in footprint is achieved as compared to
[12]. The automated cell characterization results are verified
with SPICE-level simulations, (2) detailed data such as the
effect of coupling capacitance on power/timing is provided
to investigate the important issue of routing congestion in
monolithic 3D ICs, (3) both the performance and power
characteristics of a large-scale 3D monolithic IC are inves-
tigated at tight timing constraints, (4) detailed data on clock
tree characteristics are provided, (5) finally, the proposed cell
library and all of the related automation files are made publicly
available [9] to facilitate future research on important aspects
of 3D monolithic integration such as thermal integrity, design-
for-test, and interaction between the manufacturing/device
development and the design process. An example of such effort
for 3D hardware security is provided in [14]. To the best of the
authors’ knowledge, this study is the first open source library
with full integration into design flow for monolithic 3D ICs.

III. OPEN SOURCE CELL LIBRARY FOR
MONOLITHIC 3D ICs

The characteristics of the proposed cell library are described
in Section III-A. The design flow to integrate the proposed
library into the design process is discussed in Section III-B.
Cell-level simulation results are provided in Section III-C.

A. Library Development

In this work, the Mono3D, an open source standard cell
library for transistor-level monolithic 3D technology is de-
veloped in 45 nm technology [9]. Mono3D consists of two
tiers where each tier is based on the 2D 45 nm process
design kit FreePDK45 from North Carolina State University
(NCSU) [15]. Thus, the process and physical characteristics
(transistor models and characteristics of the on-chip metal
layers) are obtained from the FreePDK45. Similar to [12],
[13], the pull-down network of a CMOS gate (nMOS transis-
tors) is built within the top tier whereas the pull-up network
(pMOS transistors) is fabricated within the bottom tier. The
nMOS and pMOS device characteristics are the same as in
2D FreePDK45. However, the impact of novel devices and
manufacturing steps for 3D monolithic integration can be
captured by replacing/modifying the device models within the
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Fig. 2. Comparison of the layout views of a D-flip-flop in traditional 2D
and transistor-level monolithic 3D technology. The top and bottom tiers

are separately depicted for the 3D technology.
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Fig. 3. Integration of the proposed open source cell library into design
flow, illustrating the required modifications.

provided design kit. System-level effects of varying device
characteristics (due to, for example, the processing of the
top tiers and impact of high temperature) can therefore be
investigated.

In the proposed Mono3D, five metal layers are allocated to
the bottom tier (metall_btm to metal5_btm), as illustrated in
Fig. 1. These metal layers are primarily for power delivery,
but can also be used for signal routing when the metals on
the top tier are not sufficient due to routing congestion caused
by smaller footprint. The top tier is separated from the bottom
tier with an inter-layer dielectric (ILD) with a thickness of 100
nm. Inter-tier coupling is minimized at this thickness [6]. The
10 metal layers that exist in 2D FreePDK45 are maintained the
same for the top tier in Mono3D. The intra-cell connections
that span the two tiers are achieved by MIVs. Each MIV has
a width of 100 nm and height of 270 nm [8].

Currently, 16 standard cells exist in Mono3D, each cell
is developed with a full-custom design methodology using a
cell stacking technique. The cell height in Mono3D is 1.135
pm, which is 54% smaller than the standard cell height (2.47
pm) in Nangate 45 nm cell library. The layout of a 2D and
Mono3D D-flip-flop cell are compared in Fig. 2, illustrating
the MIVs. Note that the width of the 3D flip-flop cell increases
by approximately 7% due to MIVs and intra-cell routing.

B. Design Flow

The design flow and the modifications required for 3D
monolithic technology are depicted in Fig. 3. A new tech-
nology file (.#f) is generated for Mono3D to include all of the
new layers (interconnects, via, ILD, and MIV). Based on these
modifications, a new display resource file (.drf) is generated to
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TABLE I
AVERAGE DELAY AND POWER CHARACTERISTICS OF 2D AND
MONOLITHIC 3D CELLS.

Delay (ps) Power (uW)

Cells 2D ] v I)3D D] ﬂ3D
AND2X1 17.60 | 18.09 (2.77%) | 2.82 | 2.61 (1.24%)
AOD2TXI 13.68 | 14.29 (4.45%) | 332 | 3.49 (-4.84%)
BUFX2 17.89 | 17.01 (4.88%) | 14.04 | 13.10 (6.65%)
CLKBUEI || 27.01 | 30.38 (-13.22%) | 64.07 | 67.91 (-5.99%)
DEFPOSX1 || 41.62 | 34.06 (18.17%) | 26.75 | 24.99 (6.58%)
INVX1 6.73 | 730 (8.44%) | 4.60 | 497 (-5.98%)
INVX2 6.54 6.53 (0.09%) 931 | 9.33 (-0.23%)
INVX4 644 | 699 (8.690%) | 18.29 | 18.72 (-2.36%)
MUX2X1 1625 | 1637 (0.77%) | 581 | 591 (-1.75%)
NAND2X1 || 10.06 | 9.75 (3.09%) 1.63 1.60 (2.03%)
NORZX1 1133 | 11.81 (4.26%) | 1.61 | 1.68 (-4.35%)
OAZIX1 1289 | 12.69 (1.50%) | 327 | 3.23 (1.20%)
ORZX1 1833 | 19.67 (-7.30%) | 2.54 | 2.71 (-6.79%)
XNORZX1 || 36.05 | 39.50 (:9.58%) | 12.66 | 13.65 (-7.80%)
XORZX1 3549 | 39.34 (-10.86%) | 12.53 | 13.42 (-1.18%)
Average 1853 | 18.93 (2.20%) | 12.22 | 12.49 (-2.18%)

develop full-custom layouts of the 3D cells. The design rule
check (DRC), layout versus schematic (LVS) and parasitics
extraction (PEX) are performed using Calibre. The DRC rule
file is modified to include new features for the additional metal
layers, vias, transistors, ILD and MIV.

The LVS rule file is also modified for the tool to be able to
independently identify transistors located in separate tiers. The
extracted netlist with MIVs is analyzed to accurately extract
the interconnections between nMOS and pMOS transistors.
The RC extraction rule file is modified to be able to extract
the impedances of the additional metal layers and MIVs. A
single MIV is characterized with a resistance of 2 2s and a
capacitance of 0.1 fF [8].

After RC extraction, 3D cells are characterized with En-
counter Library Characterizer (ELC) to obtain the timing
and power characteristics of each cell. The extracted 3D
cell netlists are also simulated with HSPICE to ensure the
accuracy of the characterization process. More details on the
footprint, timing, and power characteristics of the 3D cells and
comparison with 2D cells are provided in Section III-C.

The .Iib file for the Mono3D generated by ELC is converted
into the .db format, which is used for circuit synthesis,
placement, clock tree synthesis, and routing. Since all of the
I/O pins of the 3D cells are located within the top tier, existing
physical design tools can be used for these steps.

C. Cell-Level Evaluation

1) Footprint: Cell-level footprint reduction varies from
27% to 68%, depending upon the specific cell. An average
improvement of 46% is achieved. Note that despite more than
50% reduction in cell height, the average area reduction is less
than 50% since, on average, the cell width slightly increases
due to MIVs and intra-cell routing.

2) Delay and Power Consumption: HSPICE simulations
are performed on the extracted 3D netlists to compare mono-
lithic 3D technology with the conventional 2D technology at
the cell level. At 1.1 V power supply, 50 ps transition time, and
27°C temperature, average delay and power consumption are
analyzed, as listed in Table I. According to this table, Mono3D
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Fig. 4. The layout views of a highly parallelized 128-point FFT core in (a)
conventional 2D technology, (b) transistor-level monolithic 3D technology
with two tiers.

cells have, on average, 2.2% higher propagation delay and
2.18% higher power consumption as compared to the 2D
standard cells. This slight increase in delay and power is due to
denser cell layout, producing additional coupling capacitances
and MIV impedances. Note that in a DFF cell, both delay
(clock-to-Q delay) and power are improved as compared to
2D cells since the DFF cell has relatively longer average
interconnect length where the monolithic 3D technology is
helpful. Also note that the standard cells can be further
optimized to reduce delay and power at the expense of reduced
improvement in footprint.

IV. EXPERIMENTAL RESULTS

A parallel 128-point FFT core operating at 1.5 GHz is
analyzed in this section to quantify the benefits of transistor-
level 3D technology. Note that in 3D FFT core, 10 metal layers
are not sufficient to route the placed design due to significant
reduction in footprint. Thus, 15 metal layers (both bottom and
top tiers) are used to provide sufficient metal resources for
signal routing. Both the 2D and 3D versions of the FFT core
are depicted in Fig. 4. In the 3D version, the footprint and
overall wirelength are reduced by, respectively, 51% and 20%,
as listed in Table II. No DRC violations are reported for 2D
(with 10 metal layers) and 3D (with 15 metal layers) designs.

The 20% reduction in wirelength enables approximately
22% reduction in net power. The internal power is also reduced
by approximately 10%, partly due to the type of cells used
in the design and partly due to reduction in short-circuit
power (since the interconnect lengths are shorter and signal
transitions are faster). For example, there are approximately
97K flip-flops in the design and at the cell-level, a 3D flip-flop
consumes 6.58% less power than a 2D flip-flop (see Table I).
Overall, the monolithic 3D technology achieves approximately
13% reduction in power, as listed in Table III.

The timing characteristics of the 2D and monolithic 3D
circuits are compared in Table IV where the worst nega-
tive slack (WNS), total negative slack (TNS), and number
of timing violations are listed. There is timing degradation
in the 3D FFT design due to both routing congestion and
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TABLE 11
COMPARISON OF FOOTPRINT AND WIRELENGTH IN 2D FFT AND
MONOLITHIC 3D FFT WITH 15 (3D_15) METAL LAYERS. IMP REFERS TO
IMPROVEMENT OVER 2D TECHNOLOGY.

A Design Area Imp | Wirelength | Imp
Cireuit | “Svte | mm2) | (%) (m) (%)
2D 255 | - 33 -
FETI28 5151125 | 1 10.6 20
TABLE III

COMPARISON OF POWER CONSUMPTION IN 2D FFT AND MONOLITHIC 3D
FFT WITH 15 (3D_15) METAL LAYERS. INT, SWI, AND LK REFER,
RESPECTIVELY, TO INTERNAL, SWITCHING (NET), AND LEAKAGE POWER.
IMP REFERS TO IMPROVEMENT OVER 2D TECHNOLOGY.

Circuit Design Power component (mW)
style INT [ SWI(dmp) [ LK [ Total (Tmp)
FFT128 2D 8,830 2,781 (-) 149 11,760 (-)
3D_15 | 7,907 | 2,181 (21.6%) | 145 | 10,233 (13%)
TABLE IV

COMPARISON OF TIMING CHARACTERISTICS IN 2D FFT AND
MONOLITHIC 3D FFT WITH 15 METAL LAYERS WITH (3D_15_CC) AND
WITHOUT (3D_15_NO_CC) COUPLING CAPACITANCE. WNS AND TNS
REFER, RESPECTIVELY, TO WORST NEGATIVE SLACK AND TOTAL
NEGATIVE SLACK.

. Design WNS TNS Number of
Circuit . .
style (ns) (ns) violations
2D -0.102 | -462.905 13365
FFT128 3D_15_CC -0.144 | -714.179 14624
3D_15_NO_CC | -0.082 | -180.563 8152

average gate-level delay increase in the proposed 3D library.
Specifically, the WNS increases by 42 ps and there are 1,259
more timing violations, which increase the TNS by 252 ns.
If the coupling capacitances are ignored in the 3D design,
the WNS is reduced from 144 ps to 82 ps, which is 20
ps less than the 2D design, producing 6,472 less number
of timing violations. Thus, ignoring the coupling capacitance
causes the 3D designs outperform 2D designs, demonstrating
the importance of interconnects and routing congestion in
large circuits. The effect of coupling capacitance on timing
is stronger in 3D technology, where the WNS changes by
62 ps due to coupling capacitance (as opposed to 52 ps in
2D technology). Thus, routing congestion and signal integrity
induced timing degradation should be carefully considered
in large-scale monolithic 3D ICs. For example, for relatively
low performance applications with relaxed timing constraints,
monolithic 3D technology can be leveraged to achieve the
highest reduction in footprint (therefore cost) by developing
highly dense 3D cell layouts. For high performance applica-
tions with tighter timing constraints, however, interconnects
and the routing process play a significant role in system timing
and power consumption. In this case, 3D cells should be opti-
mized to provide additional routing space to alleviate routing
congestion and signal integrity induced timing degradation at
the expense of reduced savings in footprint.

Since clock networks play a significant role in both per-
formance and power in large circuits, the clock tree synthesis
(CTS) results of the FFT core are also reported to quantify the
benefits of monolithic 3D technology in clocking. The number
of sinks for both designs is 96,755. Both the skew and slew
constraints are set to 100 ps. Due to reduced footprint, the
number of clock buffers is reduced from 6,836 to 5,744, which

reduces the clock internal power by approximately 30%. The
clock wirelength is also reduced by 22% and the clock net
power is reduced by approximately 28%. The overall clock
power is reduced by 29%.

Both the 2D and 3D designs exhibit slew violations, but
the slew is significantly enhanced in the 3D clock network
(from 149 ps to 111 ps) due to shorter and therefore less
resistive clock nets. The global skew slightly increases, from
85.9 ps in 2D FFT to 113.1 ps in 3D FFT. Despite this slight
increase in global skew, the 3D design exhibits lower clock
insertion delays. Lower insertion delays are helpful in reducing
the variation-induced skew or corner-to-corner skew variation.

V. CONCLUSION

An open source transistor-level monolithic 3D cell library is
developed and integrated into an existing design flow. Impor-
tant characteristics of monolithic 3D ICs (such as footprint,
timing and power consumption, routing congestion, signal
integrity induced timing degradation, and clocking) have been
investigated. The entire library and related files are publicly
available to facilitate future research in monolithic 3D inte-

gration technology [9].
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