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Abstract—3-D sequential integration stands out from other
3-D schemes as it enables the full use of the third dimension.
Indeed, in this approach, 3-D contact density matches with the
transistor scale. In this paper, we report on the main advances
enabling the demonstration of functional and performant stacked
CMOS-FETs; i.e., wafer bonding, low temperature processes
( C) and salicide stabilization achievements. This inte-
gration scheme enables fine grain partitioning and thus a gain
in performance versus cost ratio linked to separation of het-
erogeneous technologies on distinct levels. In this work, we will
detail examples taking advantage of the unique 3-D contact pitch
achieved with sequential 3-D.

Index Terms—Low temperature process, molecular bonding,
solid phase epitaxy, three-dimensional (3-D) integration, 3-D
monolithic integration, 3-D sequential integration.

I. INTRODUCTION

A MONG 3-D technologies, 3-D sequential integration of-
fers the highest alignment capability and the smallest con-

tact size. Indeed, as observed in Fig. 1, which shows the align-
ment accuracy between the stacked transistor layers with re-
gards to the 3-D contact width, the parallel integration is far
from reaching the contact density required at advanced nodes.
Though some parallel architectures enable the reduction of the
3-D contact size (thanks to silicon on insulator (SOI) substrate
for example), the 3-D contact pitch remains however limited
by the alignment performance, which is limited to 1 m [1],
[2] to guarantee a correct throughput. On the other hand, in
the case of sequential integration, it has been demonstrated that
3-D interconnections and planar contact pitches are matching
even for advanced nodes. This means that 3-D sequential inte-
gration is the only possibility to fully exploit the potential of
the third dimension, i.e., to connect two stacked layers at the
transistor scale, 3-D parallel integration being indeed limited to
coarse-grained connection of a few thousand transistors blocks
(Fig. 2).
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Fig. 1. Alignment capability versus 3-D contact width in parallel and sequen-
tial integration schemes.

Numerous applications can take advantage of this promising
3-D integration technique. That allows a fine-grained parti-
tioning, i.e., at gate or transistor levels, that cannot be obtained
with the large 3-D contact pitch of parallel integration. The high
alignment performance of 3-D sequential is due to the fact that,
instead of being processed separately, each layer is processed
sequentially after having been bounded on the top of the pre-
viously processed one. Therefore, the alignment performances
for the top devices are in line with the stepper capabilities,
which typically present a standard deviation close to 10 nm
for 22 nm steppers. These high alignment performances are
illustrated by [3], [4] in Fig. 1, which are already compatible
with advanced planar contact pitch.
However, 3-D sequential implementation faces the challenge

of being able to process a high performance top transistor at
low temperature (LT) in order to prevent any deterioration of the
previously realized bottom field-effect transistor (FET) (Fig. 3).
The first part of this paper, dedicated to the process tech-

nology, presents the challenges of 3-D sequential integration
with the solutions proposed to solve them. Then potential ap-
plications, taking full advantage of this new technological ap-
proach, will be detailed in the second part.

II. 3-D SEQUENTIAL TECHNOLOGY

When setting a sequential integration technology line, scien-
tists are facing several problems that have to be solved. The
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Fig. 2. Ratio between 3-D VIA and planar contact pitch in sequential and par-
allel case.

Fig. 3. Parallel and sequential integration general process flows.

main problems are presented in Fig. 4: the preservation of the
bottom FET during the top FET processing; the top film realiza-
tion; and the fabrication of top transistor at LT.

A. Bottom MOSFETs Performance

The first challenge in sequential integration is to preserve
the bottom FETs performance during the top FETs processing.
Bottom transistors are processed with standard high tempera-
ture (HT) budget ( C). However, to avoid additional
dopant diffusion or interfacial oxide growth on bottom tran-
sistor, LT ( C) top FETs process is mandatory. Neverthe-
less, at these temperatures, standard NiSi salicide is still sub-
ject to dewetting. Therefore, the first challenge that had to be
solved was the development of a stabilized salicide. The incor-
poration of platinum together with fluor and tungsten implanta-
tion enabled to reach stable sheet resistance values up to a 650 C
budget [4].

B. Top Active Fabrication

Fig. 5 surveys the different techniques developed so far to ob-
tain a crystalline semiconductor layer above processed transis-
tors. Among them, molecular bonding clearly stands apart from
other techniques thanks to two major advantages. First, it does
not require a seed windows (SW) required in recrystallization
techniques [5]–[10], allowing hence a higher integration den-
sity. Second, the bonding operation benefits from pristine crys-
talline quality and accurate thickness control.
The Fig. 6(a) illustrates the bonding process flow. Before the

bonding steps, a thin interlayer dielectric (ILD) is deposited and

Fig. 4. Description of the 3-D sequential process flow with the emphase put on
the main challenges.

Fig. 5. Description, benchmark, and main references for top active realization
techniques.

Fig. 6. (a) Wafer bonding flow. (b) Top view of a bonding above a bottom
transistor layer showing no bonding defects. (c) SEM cross section of a thin Si
film reported on bottom transistor with wafer bonding.

planarized on top of the previously patterned bottom transistors.
LTmolecular bonding (200 C) of SOI substrate enables the full
transfer of a monocrystalline Si layer [Fig. 6(b)]. Si layers down
to 10 nm [Fig. 6(b)] and interlayer dielectrics down to 23 nm
[16] have been reported.

C. Low Temperature Process (650 C) for Top MOSFET

Top MOSFETs are processed with an overall thermal budget
of 650 C. Since the classical high temperature thermal dopant
activation ( C) is replaced by a solid phase epitaxy
(SPE) operated at 600 C, which allows activating the dopants
during the recrystallization of the preamorphized Silicon region.
As shown in Fig. 7, the devices activated at LT match the per-
formance of HT activated devices in both n- and p-FETs cases.
Junction leakage increase, usually observed for thick chan-

nels devices, does not occur for devices with thin channel (
nm). This has been explained by the junction close proximity
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Fig. 7. Comparison of - trade-off for planar n- and p-FETs with low
and high temperature dopant activation anneal.

with the buried oxide [17]. Moreover, LT process also presents
intrinsic advantages with respect to HT process. First a better
trade-off between gate leakage and equivalent oxide thickness
can be achieved [15], [18], then a broader range of material op-
tions for an effective tuning of the work function in a gate-first
process scheme can be used [18].
The solid phase epitaxy activation is carried-out with a

thermal budget around 500 C–600 C. Though this thermal
budget permits building transistors on top of each other, it is
still too high for being used above copper metal lines since the
maximum temperature supported by the back end is actually
in the 400 C range. In order to reduce the thermal budget
below this limit, novel device architectures such as surrounding
gate transistor (SGT) [19], [20] or recessed channel transistors
(RCAT) [21] have been proposed. In these devices, the PN
junctions are vertical and obtained by the transfer of a pre-
doped substrate. In the context of standard high performance
MOSFET, i.e., with an horizontal channel, other techniques
such as laser [22] or microwave annealing [23] are under
investigation for the dopant activation step.

D. 3-D Structures Demonstration

Fig. 8 displays a TEM cross section of a 3-D sequential struc-
ture with two stacked FDSOI transistors with nm.
To our knowledge, it is the smallest gate length demonstrated
using a 3-D sequential integration approach. Fig. 9 presents the
transfer voltage characteristics of a 3-D inverter, i.e., with a
bottom n-type transistor and a top p-type transistor.
The technological achievements presented in this section

open the path to the realization of multiple stacks of transistors
with matched performances and a large density of 3-D contacts.
From these results other co-integration schemes can be extrapo-
lated provided that the top devices are fabricated with a 650 C
process. Different applicative examples of co-integration with
CMOS will be detailed in the following section, in order to
illustrate the opportunities of the technology.

III. APPLICATION AND PERSPECTIVES

Sequential integration offers a 3-D contact pitch close to its
planar counterpart (Fig. 1). This enables novel circuit parti-
tioning at several granularities, as depicted in Fig. 10.
Fine-grained partitioning, i.e., at transistor/gate scale, lever-

ages to performance gain that only 3-D sequential integration
can afford.

Fig. 8. TEM cross-sections of stacked transistors with record nm
and ultra thin interlayer dielectric nm, nm.

Fig. 9. Inverter transfer voltage characteristic with pFET stacked over nFET
( nm).

Fig. 10. Coarse grain to fine grain circuit partitioning for 3-D circuits as de-
scribed in [24]. 1: Memory/core on core. 2: Function unit block. 3: Logic gate
distributed across different layers. 4: Transistor scale partitioning.

A performance increase is possible thanks to the closer prox-
imity between functions as well as the opportunity to tune sepa-
rately the different layers technological process to fit them better
with dedicated functions. For example, high-density 3-D con-
tacts are helpful for applications as different as FPGAs, sensor
amplification systems, highly miniaturized imagers.

A. Field Programmable Gate Arrays

Field-programmable gate arrays (FPGAs) are currently the
most advanced generic and programmable fabric suited for
digital applications. While 3-D parallel integration allows to
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Fig. 11. Baseline FPGA architecture [26].

Fig. 12. FPGAs area/delay/power repartition per resources [25].

drastically increase the number of equivalent gates of FPGAs
(thanks to the stacking of several FPGA chips), the integration
at fine-grain level appears promising for compactness and
performance improvements of reconfigurable circuits. Their
large versatility is realized by the massive use of memories
distributed throughout the circuit, in order to configure the
embedded look-up tables and routing switches. Thus, FPGA
circuits are a good illustration of the interest of a gate level
partitioning, and represents a good applicative field for 3-D
sequential technology [25]. In [25], the performance benefits
of a sequentially stacked FPGA are surveyed analytically at
architectural level. In this section, the design of a 3-D FPGA
is presented at the physical level. After the description of the
FPGA architectural organization, the design of 3-D routing
elements is introduced to showcase the methodology. Finally,
the technology impact is evaluated at both circuit and the
architectural level.
1) The FPGA Architecture: FPGAs are regular circuits

formed by several identical reconfigurable logic blocks called
configurable logic blocks (CLBs) that are surrounded by
reconfigurable interconnect lines [26]. The FPGA generic
structure is depicted in Fig. 11. Every CLB is formed by a set
of N basic logic elements (BLEs). A BLE is simply a K-input
look-up-table (LUT), whose output can be routed to any other
LUT input with or without being saved in a flip-flop. Every
CLB has I inputs coming from other CLB outputs. All design
parameters N, K, and I can be set by the FPGA architect
depending on the targeted system granularity.
Programmable interconnections between the different blocks

are realized by a massive number of SwitchBoxes (SBs) config-
ured by memories cells. Fig. 12 presents the area/delay/power
breakdown of the various components of a baseline SRAM-
based island-style FPGA. It is noteworthy that thememories and
the routing resources play a major role in FPGA performances,
contributing to more than 80% of the total area and delay. For
this reason, we propose an improvement of the programmable
routing resources using 3-D sequential integration, as an inter-
esting example.

Fig. 13. a) 3-D crosspoint circuit splitting and b) layout (3-D connections are
highlighted in red).

2) 3-D Sequential FPGA Cross-Points: In this section, the
design of a sequentially stacked cross-point is presented. Cross-
points are the most common blocks found across the structure.
Using the unique density of 3-D interconnections offered by the
integration process, the configuration memories are realized on
top of the logic elements.
Fig. 13(a) illustrates how 3-D sequential could lead to com-

pact FPGA cross point. In the proposed circuit, a 6-transistors
memory (6-T SRAM) is stacked over a pass-gate. Such a repar-
tition allows a clear separation between the circuits involved
in the configuration storage and the circuits related to the data
path. Technological optimization might be further applied.
Especially, it is envisaged to have a low-leakage/low-power
process for memories, while the active data paths are created
using high performance transistors.
The layout associated with the structure is depicted in

Fig. 13(b). 3-D connections are highlighted in the figure. Note
that the density of interconnection required by the application
can only be reached by sequential integration. In this imple-
mentation, the memory dominates the dimensions of the cell.
Indeed, the pass-gate has low requirements in terms of metal in-
terconnections. It is worth pointing out that the pass-gate might
thus be oversized while keeping the cross-point size equal
to the SRAM. Large pass-gates demonstrate good electrical
performances and are of high interest for routing applications.
Note that, as technology shrinks, the memory and the pass-gate
will not scale at the same rate. Indeed, for performance pur-
pose, the pass-gate will need to be oversized. Then, even if 3-D
sequential integration enable natively the oversizing at large
lithographic nodes, this advantage may be less pronounced at
hyper scaled nodes, because of the limiting factor will shift
between the memory and the pass-gate footprint.
3) Performance Evaluation: To showcase the unique gain of

the 3-D sequential integration, we characterized the impact of
the designed cross-point at both circuit and architectural level.

a) Cross-Point Electrical Performances: Performances
of the cross point have been first extracted by electrical sim-
ulations. The simulations are run using a homemade compact
model with HSPICE simulator. To allow a fair comparison
with planar technologies, the same design is implemented in
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TABLE I
GATE-LEVEL CROSS-POINT PERFORMANCE

Fig. 14. Area estimation for FPGAs synthesized with standard bulk circuits
and sequential 3-D integrated FDSOI circuits.

2-D CMOS. The comparison metrics are the area, the delay
(extracted at a fan-out-of-4) and the average power (extracted
at 2 GHz). Experimental results are presented in Table I. At the
gate level, it has been observed a gain of 2.9x, 3.1x, and 2.1x,
respectively, in area, delay and power consumption. While
good numbers in terms of area are the direct impact of stacking,
it is worth noticing that good electrical performances might
be reached thanks to the novel requirements in sizing. Indeed,
in the proposed illustration, the 6T-SRAM is driving the area
occupancy, then the pass-gate transistors might be oversized
without any prejudicial impact on footprint area.

b) Architecture Level Performances: Moving towards the
architectural level, the expected gain is evaluated by FPGA
benchmarking. A set of logic circuits taken from the MCNC
benchmark was first synthesized using the ABC tool [27].
The technology mapping is then performed with a library of
4-input LUTs using ABC as well. Subsequently, the
logic packing of the mapped circuit into CLBs is done with

BLEs per CLB and external inputs using
T-VPACK [28]. Note that, while MCNC benchmark suite
tends to use small designs, their diversity allows evaluating
the scaling trend over a large set of application cases. Finally,
the placement and routing were carried out using VPR [28].
The considered benchmarks were synthesized twice: first on a
planar SRAM-based FPGA in the CMOS 65 nm process and
then on its 3-D sequential counterpart. The area estimation is
normalized and shown in Fig. 14.
The benchmarks show an area reduction ranging from 20%

to 25%, with 21% on average. The main benefit of using the 3-D
integration technology is the smaller impact on memory circuits
on the area. Memories circuits are placed on top of the FPGA
structure, while all the data path circuits are placed below. Nev-
ertheless, since the top transistors are directly stacked above

Fig. 15. Delay estimation for FPGAs synthesized with standard bulk circuits
and sequential 3-D integrated FDSOI circuits.

the bottom silicon layer, the circuit suffers some loss of per-
formance in terms of routing. Indeed, the top transistors are im-
peding the connections between bottom transistors and the first
metal layer. To improve the quality of routing, the use of internal
metal layers is envisaged. The delay estimation with respect to
the benchmark circuits is shown in Fig. 15.
We can observe a delay reduction ranging from 10% to 45%,

with 22% on average. Themain benefits of using the 3-D FDSOI
instead of standard planar technologies are twofold. First, the in-
trinsic performance of FDSOI compared to bulk contributes to
speed up the gate delay and thus reduce the computation time.
Second, the reduction of routing area, as well as logic area, leads
naturally to a reduction of routing wires. Shorter routing wires
will be driven more efficiently, besides the fact that they will be
controlled by drivers with improved output conductance. This
makes the 3-D integrated FPGA potentially faster than its stan-
dard Bulk counterparts.

B. 3-D Sequential Integration of Sensors

Many types of silicon-based miniaturized sensors or ac-
tuators would presumably benefit from a 3-D co-integration
with their CMOS readout and conditioning electronics, as
they would gain in signal-to-noise ratio (SNR), immunity to
external parasitics, density, compactness, and possibly in cost.
In particular, a 3-D sequential integration of nano-electro-me-
chanical resonators and systems (NEMS) with CMOS 1) would
make them drastically gain in SNR, and 2) would enable im-
plementing an unprecedented density of hybrid NEMS-CMOS
pixels density (not achievable by NEMS-CMOS TSV-based
integration), required for novel NEMS-based applications, such
as mass spectrometry or hybrid NEMS-CMOS logic circuits.
Up to now, NEMS have been mostly envisaged as ultra-sen-

sitive mass sensors since they have demonstrated extremely low
mass detection levels [29], thanks to their intrinsic low mass,
their high resonance frequency, and good frequency stability.
Therefore, they represent excellent candidates as detectors for
mass spectrometry [30], [31] and gas sensing [32]. Recently,
VLSI compatible nano/micro-fabricated, high-performance,
portable multi-gas analyzers associating gas chromatography
and NEMS resonators [33] were reported, confirming NEMS
high potentiality.
The first advantage of integrating NEMS with CMOS in a

3-D sequential configuration is to enhance the NEMS SNR. This
Authorized licensed use limited to: University of Texas at Austin. Downloaded on December 04,2023 at 21:01:22 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Micron Ex-1034, 0005



BATUDE et al.: 3-D SEQUENTIAL INTEGRATION: A KEY ENABLING TECHNOLOGY FOR HETEROGENEOUS CO-INTEGRATION 719

Fig. 16. Equivalent open-loop electrical scheme of a nano-mechanical res-
onator sequentially integrated in 3-D with its CMOS readout circuitry.

Fig. 17. Calculated S21 (open-loop) magnitude around the resonance fre-
quency of a 100 MHz NEMS resonator. In red, its frequency response in a
stand-alone configuration whereby the NEMS chip is connected to an external
electronics by wire bonding and coaxial cables. In blue, in a configuration of
3-D sequential integration whereby the NEMS is superposed on top of an unity
gain CMOS amplifier.

is achievable with an ultra-compact readout circuitry, addition-
ally the NEMS frequency response is much less contaminated
by parasitic peaks and coupling. In fact, by scaling mechanical
structures fromMEMS down toNEMS, some difficulties appear
such as 1) an extremely low detection signal due to their small
dimensions, 2) very high impedance due to their small size, and
3) a very low cutoff frequency due to pad and cable capaci-
tances with respect to their resonance frequencies. In this con-
text, the monolithic integration of NEMS resonators with their
CMOS readout electronics (Fig. 16) [34]–[36] is the most effec-
tive scheme to detect the NEMS resonance signal, i.e., without
being attenuated and/or degraded by the effects of external par-
asitic connections.
Fig. 17 illustrates the gain in dynamic range (resonance signal

over noise floor) between two NEMS resonators having the
same dimensions and layout, but implemented in two different
configurations (stand-alone and 3-D integrated with CMOS).
NEMS-CMOS monolithic integration potentially enables the
realization of ultra-compact, on-chip NEMS-CMOS self-oscil-
lators ([37] is a first proof-of-concept in 2-D) which allow mon-

Fig. 18. Schematic representing a (n m) array of individually addressable,
densely packed, close-loop NEMS-CMOS self-oscillators pixels, whereby
NEMS resonators and CMOS circuitry are on two distinct planes according to
a 3-D sequential technology.

itoring in real-time the NEMS resonance frequency, as required
in most of NEMS-related applications. Additionally, arranging
NEMS in arrays of individually addressed resonators seems to
be the most promising paradigm to make NEMS-based sen-
sors: such arrays not only provide benefits in terms of robust-
ness and noise reduction (by averaging NEMS individual re-
sponses), they may also provide spatial information (like an im-
ager) and increased capture area. In this sense, the possibility to
implement an array of NEMS-CMOS self-oscillators pixels [35]
would open great possibilities for instance for NEMS-based
mass spectrometry.
A 3-D sequential integration of NEMS with CMOS is

probably the best way to combine all the aforementioned
requirements and to practically realize NEMS-CMOS arrays
(Fig. 18). In this way, nanoresonators can be arranged with
ultra-high density for an increased capture area, each res-
onator being individually connected to its own CMOS readout
circuit. In the architecture of Fig. 18 (see also [35]), every
pixel contains a NEMS-CMOS oscillator which is individually
addressable, therefore the resonance frequency of every NEMS
can be read sequentially by one single frequency counter.
Another interest is that NEMS resonators can be manufactured
and packaged independently of the CMOS part. Their structural
layer can for instance be single-crystal Si in order to obtain
large quality factors and enhanced piezoresistive response
(with an optimized doping level and an adequate crystalline
orientation, independently of the CMOS transistors).
In conclusion, 3-D sequential integration of NEMS with

CMOS would enable implementing new architectures, like
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Fig. 19. Highly miniaturized pixel [26]. (a) 3-D pixel schematic. (b) 2-D pixel
layout with red gates yellow contacts. (c) 3-D pixel layout at bottom
level (readout transistors are moved away to the top level).

Fig. 20. (a) p-Ge FET or (b) p-(110)Si-pFET stacked above (100)Si-n-FET. (c)
Adapted gate stack for Ge top FET. (d) Adapted gate stack for Si [15].

the one of Fig. 18, which offers unprecedented perspectives
for NEMS-related, frequency-based sensing applications. It
would also be a key technology for other applications, such
as NEMS-based logic [38], [39], a growing field of research
in the past few years, whereby the possibility to implement a
high density of NEM switches, closely connected to CMOS
circuits would pave the way for mixed electrical/mechanical
logic computation at very large scale.
Sequential integration has some advantages compared to par-

allel integration: it offers the possibility to address each NEMS
independently thanks to the possibility to connect layers at the
transistor scale. Also the co-integration of NEMs and CMOS is
particularly easy to achieve: a single additional thermal budget
is needed (bonding anneal at 200 C, 1 h) and few process steps
are added to stack the NEMS above the transistors. The 3-D con-
tacts in a 3-D sequential integration are similar to the standard
contacts in a planar integration, i.e., the contacts are etched in
an oxide with small aspect ratios, While, TSV are more chal-
lenging to process (new equipment and processes are needed to
etch high aspect ratio 3-D VIA in Si).

C. CMOS Image Sensors—Miniaturized Pixels and
Diversification

Similarly toMoore’s law scaling, CMOS image sensors (CIS)
have experienced continuous miniaturization; industrial pixels
now reaching 1.1 m pitch. This trend is favorable in term
of resolution but its consequences are somehow detrimental to
the image quality. Major improvements have led to high per-
formance back-illuminated pixels with 4-transistors architec-
ture (4 T), but they might be insufficient for further scaling,
due to limited full well capacity and exacerbated crosstalk. To
overcome these drawbacks, we introduced a 4 T 3-D-integrated
miniaturized pixel, where a back-illuminated photodiode layer
comes with a second active layer for the readout transistors
(Fig. 19) [40].

CIS counting amongst the precursors in the 3-D exploration,
the idea of a 3-D pixel has been first reported as early as 1987
[41], but has never been applied to 4 T pixels with a pitch of
less than 8 m. State-of-the-art wafer bonding capabilities pro-
viding best layer-to-layer overlays of 0.3 m, the minimum 3-D
VIA diameter is found to be 1.25 m when stacking individu-
ally processed layers [42]. This value is far from the manda-
tory design rules in a miniaturized pixel (80 nm). Miniaturized
3-T pixels, with built-in above-IC photodiodes made of a-Si or
Ge [43] have also been proposed, but they remain incompat-
ible with low noise standards, due to the inability of processing
a transfer gate on the photodiode layer. Furthermore, they can
not be considered as effective 3-D circuits as they incorporate a
unique FET layer.
These two limitations vanish in a sequential 3-D process, with

an overlay of 10 nm between the two active layers [4], allowing
3-D contact diameters in line with 2-D values. Implementation
of such integration on a 1.4 m pixel shows a 44% increase
of the photodiode area, with associated full well enhancement
[40]. The photodiode layer process also becomes dedicated, al-
lowing reduction of dark current sources around the diodes. The
upper level low-temperature HfO /TiN MOS technology does
not appear detrimental to the source follower low-frequency
noise level performance, and is even further improved by the
potential use of relaxed geometries in the free space above the
photodiode.
The sequential approach hence becomes the only 3-D scheme

extendable to the whole pixel pitch range, from highly miniatur-
ized pixels to large ones with complex in-pixel readout. Mate-
rial, resistivity and thickness of the substrate on the photodiode
layer can be tailor-made without affecting the readout FDSOI
MOS technology on the top layer. This technology offers per-
spectives for CIS diversification, far beyond classical applica-
tions, like parallel signal processing. Differing from classical
multiplexing operation, this latter allows detection, conversion
and digital treatment of the pixels signal in a massively parallel
manner. This paves the way to applications with both high dy-
namic range and high speed, like low consumption real time
vision, retinal neuromorphic sensors and particle detection sen-
sors for high energy physics. Finally, the co-integration of het-
erogeneous semiconductors is being feasible, for instance with
a III–V base substrate for IR imaging purposes.

D. Vertical CMOS Cells

Designing vertical CMOS cell, for example stacking the
nFET above the pFET, can be considered as the ultimate way
to optimize independently each type of transistor. Indeed it
allows choosing for each type of transistor, not only the channel
material, its crystalline orientation, the strain (via substrate
choice and/or CESL and/or specific SD process), but also the
gate stack as well as the transistor architecture itself. Such an
example of decorrelated transistor optimization is displayed
on Fig. 20. Fig. 20(a) and (b) corresponds to the effective
mobility curves of top transistors in 3-D sequential integrations
in which the bottom transistor is a Silicon nFET with standard
(100) orientation. In the inset (a) the top FET is a Germanium
p-MOSFET, whereas in the inset (b) the top FET is fabricated
on (110) oriented surface. These demonstrations illustrate the
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Fig. 21. Examples of plausible scenario for 20 and 14 nm node in term of n and pFET independent process adaptation.

ability to co-integrate different channel material and substrate
orientation for p and n-MOSFETs in a 3-D sequential integra-
tion.
The possibility of optimizing easily the n and pFET indepen-

dently is a crucial asset. Indeed, as the gate length scaling road
map is slowing down, new performance boosters are needed.
This introduces new differences in p and n MOSFET process.
For example, Fig. 21 presents plausible scenario envisaged to
target sub-20 nm and 14 nm node performance, respectively.
In a 20 nm node scenario, a thin SiGe caping layer is imple-

mented for reducing the threshold voltage as well as increasing
the channel mobility. Mobility enhancement can also be ob-
tained using strained SOI (sSOI) substrates for nFET. For the
pFET performance improvement, SiGe raised or embedded
source and drain enable creating compressive strain in the
channel. Additional boost in performance can be achieved by
using tensile and compressive contact etch stop layers (CESL)
for n and pFET, respectively. In a 14 nm node configuration,
the differentiation of the n and PFET process is even more
complex as some new channel materials might be needed to
match the performance targets. III-V materials are considered
for the n-MOSFET, whereas Germanium appears to be a good
candidate for p-MOSFET. Channel material modification leads
also to gate stack and possibly to device architecture modifica-
tion.
The integration of all these boosters in a planar configuration

is very complex and thus costly. At the contrary, vertical CMOS
is intrinsically adapted to independent optimization of the dif-
ferent transistor type and will besides lead to density increase.
This design is, once again only possible in the 3-D sequential
scheme due to its high 3-D contact pitch.
The examples selected in this paper focus intentionally on

heterogeneous co-integrations. Still, 3-D sequential integration
has also been shown promising for complex digital ASIC [44]
and for memory stacks [45].

IV. CONCLUSION

Thanks to its ability to offer fine-grain circuit partitioning
at the transistor scale, 3-D sequential integration opens up a
new field of applications and design. It enables both increasing
the density and performances without resorting to aggressive
scaling. Its key technological enablers are molecular bonding
and low temperature top FET process which lead to design 3-D
transistors matching the targets of advanced nodes.
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