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Abstract Fully depleted SOI (FDSOI) has become a viable technology not only for continued CMOS scaling

to 22 nm node and beyond but also for improving the performances of legacy technology when retrofitting to

old technology nodes. In this paper, we provide an overview of FDSOI technology, including the benefits and

challenges in FDSOI design, manufacturing, and ecosystem. We articulate that FDSOI is potential cornerstone

for China to catch up and leapfrog in semiconductor technology.
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1 Introduction

Semiconductor technology has become vital in almost all areas from consumer electronics such as personal

computers (PC), smartphones, tablets, to enterprise applications such as servers, networks, healthcare,

finance, and security. The worldwide semiconductor revenue is estimated to be $333 billion in 2014

according to the Semiconductor Industry Association (SIA) [1]. The recent surge of Internet-of-things

(IoT) is the new driving force to fuel the further growth of semiconductor technology that is largely

built on the seemingly endless advance of CMOS technology. The primary mission of CMOS scaling is

to provide smaller and faster transistors from one node to the next, best described by Moore’s Law [2].

Historically CMOS technology advanced to next node every 1.5–2 years. It has become clear that such a

node advancement has slowed down to about 2.5–3 years in recent years. The slowdown is partly due to

the inherent challenges in manufacturing and yielding 3D FinFET [3], and partly due to the increasing

design and patterning difficulties with shrinking ground rules. Mainstream CMOS devices have been

fabricated on bulk silicon substrates owing to the universal availability and low cost of bulk silicon

wafers. Unfortunately, scaling bulk CMOS transistors (Figure 1(a)) beyond 22 nm node face tremendous

challenges, particularly for low-power applications. According to Dennard’s scaling theory [4], which

prescribes the recipe for the transistor miniaturization, the channel doping (or halo doping) concentration

has to increase to suppress the short-channel effects due to gate length scaling. Unfortunately, increasing

halo doping causes two major issues: First, high doping concentration leads to the increase of the electrical
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Figure 1 A schematic cross-section of (a) bulk MOSFET and (b) FDSOI MOSFET. Bulk MOSFET scaling relies on

increase of halo and well doping, resulting in increase of GIDL leakage current and device variability. In contrast, FDSOI

has undoped thin SOI channel to achieve short-channel control.

field across the PN junction and thus the increase of the gate-induced-drain-leakage (GIDL) current due

to enhanced band-to-band tunneling [5]. The total transistor leakage current may go up when the increase

of GIDL current outweighs the reduction of subthreshold leakage. Second, increasing channel/halo doping

increases device variability due to increased random dopant fluctuation (RDF) [6].

Fully depleted SOI (FDSOI) is a viable device architecture to continue CMOS scaling without relying

on channel or halo doping (Figure 1(b)). In fact, the channel of FDSOI transistors is typically undoped

to eliminate the RDF while achieving superior short-channel control when SOI channel thickness is about

1/4 of the gate length. GIDL leakage current is also minimized thanks to the reduced electrical field across

the PN junction. FDSOI has been extensively studied [7–40] and it is impossible to include all references

in this paper. Besides FDSOI, other terminologies used in the literature to depict FDSOI include ultra-

thin body (UTB) [7–9], ultra-thin body and BOX (UTBB or UT2B) [13–16], silicon on thin BOX (SOTB)

[17, 18], ultra-thin SOI (UTSOI) [19–22], extremely thin SOI (ETSOI) [27–34], and depleted substrate

transistor (DST) [35]. In textbook FDSOI transistor is defined as a transistor with a fully depleted

channel in contrast to partially depleted SOI (PDSOI). To render FDSOI a viable technology, however,

the actual SOI thickness needs to be substantially thin to achieve good electrostatics. A rule of thumb is

that the FDSOI channel thickness needs to be about 1/4 of the gate length. Figure 2 illustrates the unique

advantages of FDSOI over other device architectures. In addition to the superior electrostatics, inherent

low device variability, the planar structure of FDSOI avoids the additional manufacturing challenges

associated with the 3D device architectures such as fins and nanowires. Compared with PDSOI technology

that has been used for high performance applications since 180 nm node [41], FDSOI with a channel

thinner than about 12 nm does not exhibit the history effect [42], thus avoiding the associated design

complexity. FDSOI channel is isolated from the substrate by a (usually thin) buried oxide (BOX). The

use of a thin BOX layer, typically 25 nm or less, provides a reasonable body factor in the order of 100

mV/V or so [10–18]. This means that by applying a voltage to the wells placed under the BOX it is

possible to modulate the transistor VT in the same manner it has been practiced in bulk planar CMOS

for many years. To reduce the access resistance to the thin SOI layer, typically raised source/drain

(RSD) structures are needed and formed using selective epitaxial growth [12,14,26–31].The TEM image

in Figure 3 shows an FDSOI transistor with 5 nm SOI channel thickness, 20 nm gate length, gate-first

high-k/metal gate (80 nm gate pitch), and epitaxial RSD.

2 FDSOI device design

At a high level FDSOI device design is not different from the conventional CMOS design in which the

primary goal is to achieve the optimal tradeoff among three competing factors, performance, power, and

density. The figure of merit of DC performance is typically measured by the drive current (effective drive

current IEFF) at a given off current (IOFF) and operating voltage (VDD). FDSOI improves the MOSFET

electrostatics [40], i.e., reduces the subthreshold swing (SS) and drain-induced-barrier-lowering (DIBL).

For a given off current target, FDSOI can have a lower threshold voltage (VT ) than bulk MOSFET.
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Figure 3 TEM cross-section of an FDSOI tran-

sistor with 5 nm SOI channel thickness, 20 nm

gate length, gate-first high-k/metal gate, and

raised source/drain (RSD).

The lower VT translates to higher over drive (VGS − VT ) and thus higher drive current, as indicated by

Eqs. 1–3 [44] and illustrated in Figure 4. Alternatively, one can tradeoff the drive current with power

consumption. In other words, FDSOI can provide the same drive current at lower VDD, resulting in

reduction in both active power (proportional to V 2
DD) and standby power (proportional to VDD).

ID ∝ Cinv(VGS − VT ) v, (1)

VT = SS log(IREF/IOFF) = α SS. (2)

Substituting (2) into (1) results in

ID ∝ Cinv(VGS − α SS)v, (3)

where ID is the saturation drive current, Cinv is the inversion capacitance, v is the effective carrier

velocity, IREF is the drain current at VGS = VT , and α = log(IREF/IOFF).

For a given IOFF target, FDSOI has lower threshold voltage (VT ) and thus provides higher overdrive

(VGS − VT ) and higher drive current.

2.1 Multi-VT options in FDSOI

Availability of a variety of transistors with a large range of threshold voltage (VT ) is essential for designing

high performance/low power chips. In conventional bulk CMOS, multi-VT is achieved by using different

channel doping and/or different gate lengths. However, these approaches have drawbacks when used in

advanced nodes. Channel doping increases device variation due to RDF. In future technologies different

gate lengths requires additional masks and processes. In FDSOI, however, multiple VT can be achieved

by using different doping underneath the BOX layer [12–15] while keeping the FDSOI channel undoped,

essentially resulting in ideal super-steep retrograde well (SSRW) transistors without RDF. Furthermore,

since the back doping layer is isolated from the source/drain by BOX layer in FDSOI structure, one has

the freedom to choose the well polarity (even the same polarity of dopants can be used in the well and in

S/D). There is no S/D to well junction leakage or short in FDSOI devices. For typical BOX thickness of

20–25 nm, swapping the well polarity, as shown in Figure 5, results in a VT shift of about 100 mV [12–15].

In addition, transistor VT can be further tuned by applying different well bias. A constant well bias results

in a fixed VT while a dynamic bias based on workload can be used for power management.

Figure 6 depicts a possible multi-VT scenario in FDSOI starting with regular VT (RVT) devices formed

on conventional wells and low VT (LVT) devices on flipped wells. Flipped wells are forward biased

to get super low VT (SLVT) devices and conventional wells are reverse biased to get high VT (HVT)

devices. Furthermore, the adoption of strained channel SiGe (cSiGe) in high performance FDSOI PFET

provides an additional knob to achieve multi-VT . Compared with Si PFET, SiGe PFET with 23% Ge
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Figure 4 (Color online) Illustration of how steeper subthreshold swing (SS) of FDSOI translates to higher performance

over bulk planar MOSFET. For a given IOFF target, FDSOI has lower threshold voltage (VT ) and thus provides higher

overdrive (VGS − VT ) and higher drive current.
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Figure 5 FDSOI transistors formed on (a) conventional and (b) flipped wells.
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Figure 6 A possible multi-VT FDSOI scheme. Starting with RVT devices formed on conventional wells (NFET on p-well

and PFET on n-well) and LVT devices on flipped wells (NFET on n-well and PFET on p-well). Flipped wells are forward

biased (FBB) to get SLVT devices and conventional wells are reverse biased (RBB) to get HVT devices. RVT = regular

VT , LVT = low VT , SLVT = super low VT , HVT = high VT .

results in 250 mV VT reduction [32]. Therefore, one can use SiGe transistors for high performance (low

VT ) applications such as critical logic path and use Si transistors channel for low leakage (high VT )

applications such as SRAM as shown in Figure 7. Only two workfunction (WF) metal gates are needed

to produce all types of NFET and PFET transistors.

2.2 SRAM

Low operating voltage SRAM is highly desired for both high performance (HP) and high density (HD)

applications. Device variation is a critical factor gating the implementation of low voltage SRAM. Device
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Figure 7 Schematics showing a multi-VT scheme for FDSOI technology with cSiGe [32]@ Copyright 2012 IEEE.

variability can be classified as global variation and local variation. Global variations are mainly due to

the across wafer and/or across chip non-uniformity of CMOS manufacturing processes, such as pattern

dependent etching, deposition, implantation doses, and temperature gradients. Global variation can

typically be minimized by process optimization. In contrast, local variation in bulk CMOS technology

is much more difficult to minimize. This is due to the fact that bulk CMOS relies on channel doping

to set transistor VT . Consequently, device variation due to random dopant fluctuation (RDF) becomes

inevitable for bulk CMOS. FDSOI has intrinsically low variability simply because it does not need channel

doping to set transistor VT as discussed earlier. Even with the back gate doping below BOX, FDSOI VT

is mainly set by doping polarity, not doping concentration. As a result, undoped channels are maintained

in FDSOI and local variability is minimized. In fact, record low device variability has been achieved in

FDSOI transistors with AVT of 1.25 mV·µm or below [25,31], substantially lower than any AVT that has

been reported with bulk planar and FinFET transistors. AVT is the slope of the Pelgrom plot (standard

deviation of VT mismatch of paired transistors vs. square root of the product of transistor gate length and

width) [45]. Detailed comparison of device variability of FDSOI, bulk planar, and FinFET is summarized

in the literature (see References [46, 47] for example). Although in principle FinFETs can be made with

undoped or lightly doped channels, in practice FinFET SRAM transistors still require channel doping

to achieve high VT , leading to significant RDF and thus high device variability. Furthermore, global VT

variability can be compensated in FDSOI by applying proper body bias. FDSOI SRAM with operation

voltage down to 0.37 V has been reported without any assisting techniques [48]. It is also worth noting

that since the well is isolated from the channel, FDSOI NFETs and PFETs can have the same well

doping/bias and a single metal gate, opening further opportunity for high density SRAM.

2.3 Analog and RF

Designing analog and RF circuits requires low transistor mismatch, high intrinsic device gain (gm/gds
ratio), low noise, and flexibility in VT tuning. FDSOI is the only device architecture that meets all those

requirements. Bulk planar CMOS suffers from large transistor mismatch due to RDF and low device

gain due to poor electrostatics. FinFET improves electrostatics but it lacks the back bias capability.

The ability to tune VT to compensate for process mismatch or drift and to offer virtually any VT de-

sired by analog designers is a unique feature. In fact, near zero VT can be readily achieved in FDSOI

without compromising other device characteristics, providing a great opportunity for low voltage analog

design. The superior electrostatics of FDSOI over bulk CMOS enables scaling of analog devices while

maintaining a high transistor gain (gm/gds ratio). As shown in Figure 8, to achieve a gain of 40, the gate

length can be reduced from over 300 nm in bulk planar CMOS to 100 nm in FDSOI [31]. Gate length

scaling further benefits transistor performance as the drive current increases and LG decreases. An fT of

300 GHz has been already demonstrated in FDSOI technology for both NFET and PFET [49] showing

its competitiveness for analog and RF applications.
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Figure 9 (Color online) (a) FinFET NFET performance, when normalized to layout footprint, increases from 22 nm node

to 14 nm node. (b) The intrinsic transistor performance, when normalized to the actual transistor width (fin width plus 2

times the fin height), however, decreases from 22 nm node to 14 nm node. Fin pitch: 60 nm and 42 nm for 22 nm node and

14 nm node, respectively; Fin height: 34 nm and 42 nm for 22 nm node and 14 nm node respectively. Data from [56, 58].

2.4 High performance FDSOI

Strain engineering has become essential for improving CMOS performance since 90 nm node. The classic

strain engineering techniques in bulk CMOS include embedded source/drain stressors (eSiGe for PFET

[50–52] and Si:C for NFET [52]), dual stress contact etch liner (tensile liner for NFET and compressive

liner for PFET [53]), and stress memorization technique (SMT) for NFET [54,55]. The thin SOI in FDSOI

structure prevents embedded S/D stressors and SMT. The lack of the conventional strain technique in

FDSOI structure leads to the common misconception that the performances of FDSOI devices are inferior

to that of bulk planar and FinFET. It should be noted, however, that the conventional strain techniques

start to run out of steam when contact gate pitch (CPP) is scaled to 100 nm and below. The entire

device pitch is occupied by the essential device elements (gate, spacers, S/D contacts), leaving no room

for stress liners regardless of the device architecture. Furthermore, embedded S/D stressor and SMT

becomes less and less effective for FinFET and as the volume available for stressors shrinks. Although

it has been boasted that FinFET transistor performance for a given layout footprint keeps increasing by

shrinking fin pitch and increasing fin height (Figure 9(a)), the intrinsic FinFET transistor performance,

when normalized to the effective transistor width (fin width plus 2 times the fin height), actually decreases

from 22 nm node [4, 56] to 14 nm node [57, 58] (Figure 9(b)). The degradation of the intrinsic FinFET

transistor performance should not be surprising due to diminishing effectiveness of strain and increase of

parasitic resistance in highly scaled FinFET.

Contrary to the common misconception, high performance FDSOI devices have been demonstrated by

using intrinsically strained channels, i.e., tensily strained silicon for NFET and compressively strained

SiGe for PFET [30, 32, 59]. As shown in Figures 10 and 11, at VDD = 0.9 V and IOFF = 100 nA/µm,

IEFF is 820 µA/µm and 615 µA/µm for NFET and PFET, respectively. Unlike the conventional strain
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engineering techniques that have diminishing benefits as CPP decreases, channel strain engineering is

highly effective and its benefit actually increases from node to node due to the reduction of device width.

This is due to the fact that the channel strain configuration transitions from biaxial in wide transistors

to uniaxial in narrow transistors. Uniaxial strain is more effective than biaxial strain in enhancing device

performances as shown in Figure 12 [32].

2.5 Body biasing in FDSOI

Body bias has been used in bulk planar CMOS for many generations [60] and it has been identified as

a key technology enabler [61]. With the desire to reduce VDD below 0.8 V in order to reduce active

power, managing the device variability becomes increasingly important. A primary application of body

bias is to manage device variation. The reduction in active power by body bias is equivalent to scaling

CMOS by one node [62, 63]. Another application of body bias is to dynamically adjust transistor speed

by adjusting transistor VT based on the workload. Body bias can be used in conjunction with or in lieu

of dynamic voltage and frequency scaling (DVFS). Unlike DVFS in which the voltage source delivers the

current to the entire circuit block, body bias applies voltage only to wells. The current drawn to bias

the wells is significantly smaller than the current supplied to VDD of the circuit and thus relatively small

charge pump and/or voltage regulator circuits can be used to generate the body bias. Unfortunately,

the effectiveness of body bias diminishes in highly scaled bulk CMOS and it is completely vanished in

FinFET technologies. FDSOI technology not only restores the ability of body biasing, but also extends

the range of body bias by allowing forward back bias (FBB) thanks to the isolation of back gates (wells)

from FDSOI channel by buried oxide layer (BOX). It has been demonstrated that 28 nm FDSOI can

deliver performances exceeding 20 nm bulk technology [64] when FBB is used.

The next driver of semiconductor technology is Internet-of-Things (IoT) which requires ultra-low volt-

age (ULV) design to enable energy harvesting or lifetime battery operations. Reducing the operating

voltage to 0.5 V or less is essential for ultra-low power IoT applications. In ULV designs transistors

are operated near threshold voltage or in subthreshold region and both standby power and circuit speed

depend exponentially on VT . Minimizing VT variability is thus crucial for improving circuit speed and

reducing standby power. The typical performance of bulk CMOS circuits operating at low voltages such

as 0.4 V is considerably low (less than a MHz). In contrast, FDSOI for the first time enables perfor-

mance numbers in the range of hundreds of MHz at 0.4 V [65]. The significant performance improvement

in FDOSI comes from the wide range of FBB capability which enables lowering of VT at low VDD in

conjunction with reducing the VT variability by intrinsically undoped channels.
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2.6 Energy efficient computing in FDSOI: a case study from China

Several publications have already demonstrated the merits of the FDSOI technology to improve energy

efficiency of CMOS circuits at 65 nm [66] and 28 nm [67,68]. However, the general belief is that advantage

of FDSOI and its body biasing capability is only limited to low-power, low-performance applications.

Recent announcement of the new cryptocurrency ASIC chip by SFARDS [69] is yet another testimony

that clearly shows the advantages of FDSOI and body biasing for high performance, energy-efficient,

applications. Several companies have already designed mining ASICs at 28 nm node with virtually the

same goal, i.e., executing SHA-256 hashing algorithm at the minimum energy and Si cost. Therefore, even

though mining ASICs is not a high-volume segment of the CMOS industry, it provides an ideal benchmark

to understand the advantages of forward body biasing (FBB) for high performance computing.

As a benchmark, Figure 13 plots the performance (GH/s) as a function of power for a set of 28 nm

mining chips based on the data published [69,70]. The power over performance ratio in units of (W/GH/s)

or equally (J/GH) is a measure of the energy efficiency of the chip and is often reported by ASIC vendors

along with the maximum performance in terms of (GH/s). These two metrics are actually important for

the end user; the former determines the electricity cost per operation, while the latter determines, albeit

indirectly, silicon cost to deliver a target performance.

A few observations can be made based on the data in Figure 13. First of all, like any other CMOS

circuit, the FDSOI ASIC is more energy efficient when operating at lower VDD [71]. Energy per operation

is roughly 0.55 J/GH at 0.8 V and drops to about 0.3 J/GH at 0.6 V. At 0.45 V (not shown) it further

drops to 0.19 J/GH. The improved energy efficiency at lower VDD, of course at the expense of lower

performance, is well understood and is often referred to “under-clocking” by the mining community.

In any CMOS circuit, active energy per operation is simply proportional to V 2
DD. Leakage energy per

operation, however, increases as VDD is lowered, simply because it takes longer to deliver a given task.

The net effect is that the total energy reaches its minimum at a relatively low VDD, which depending on

the circuit and technology, happens to be near or even lower than the threshold voltage of the transistors.

As stated earlier, energy efficiency achieved by operating at lower VDD comes at the expense of reduced

performance. To meet a desired performance, e.g., a target GH/s, one can increase the number of cores

in a chip or number of chips on a board. This “throw-more-silicon-at-it” strategy has been practiced by

some of the major vendors of mining ASIC chips. In fact, many of the data points in Figure 13 are from

chips (or even multi-chip in package) implementations that use many cores operating at 0.6 V, which is

lower than the nominal operating voltage of the high performance 28 nm technology they used. Increasing

the Si area to compensate for the lower performance at low VDD, of course, increases the system cost,
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which is not desirable to the end user.

FDSOI technology can be used to address the above concerns. By keeping the channel undoped and

hence eliminating random dopant fluctuation (RDF), FDSOI offers record low VT variability [25, 31].

Global VT variations can be compensated fairly easily by applying a body bias. Furthermore, wide

range body biasing that is unique to the FDSOI technology, can be used to break the trade-off between

performance and energy efficiency. At a given VDD, it is possible to increase the performance of the

FDSOI chip by applying FBB without compromising the energy efficiency. The advantage of lowering

VT by applying a FBB to improve energy efficiency has been known for a long time [72]. However, in

a bulk technology, maximum FBB voltage that can be applied to the wells without causing excessive

junction leakage is limited to about 0.4 V [72]. FDSOI implementation at 28 nm employs flipped-well

structure for LVT transistors, i.e., n-well under NFETs and p-well under PFETs, which allows up to

2 V of FBB without leakage concerns. The ASIC chip above uses a maximum FBB of 1.1 V, which is

conservative compared to what is achievable with FDSOI. By increasing FBB voltage even further, one

might be able to increase the performance at 0.6 V to reach the numbers available at 0.8 V and still keep

energy efficiency at 0.3 J/GH.

Contrary to the common belief that FDSOI technology only holds promise in niche low-power ap-

plications, the results of the above ASIC chip demonstrate its benefit for mid- and high-performance

applications. Any application that is concerned about active power, whether an always-on IoT/wearable

or a high performance server/networking chip, should consider the implications of FBB and low voltage

operation offered by FDSOI.

3 FDSOI technology

FDSOI has become a viable technology thanks to the significant improvements in all fronts, from device

performance, SOI substrate uniformity, design ecosystem, and foundry acceptance. In this session we

highlight key solutions enabling high volume FDSOI production.

3.1 FDSOI substrates

Like other fully depleted transistors, the variation of SOI thickness has an impact on FDSOI device

characteristics such as VT . For short channel transistors with LG around 25 nm, VT increase is about

25 mV for 1 nm decrease of SOI thickness [33]. The VT sensitivity drops to about 9 mV/nm for long

channel transistors. All major SOI substrate suppliers (Soitec, SEH, and SunEdison) have announced

the capability of providing 300 mm FDSOI wafers [21, 73–75] with wafer-to-wafer and within wafer SOI

thickness variation less than ±5 Å, meeting the FDSOI substrate requirement [21]. When back bias is

used, it is equally important to control the uniformity of the buried oxide (BOX). Fortunately, BOX is

formed by thermal oxidation that is one of the most mature semiconductor processes. Furthermore, the

processes and tooling for making FDSOI wafers are fully compatible with the standard CMOS technology.

If a chip manufacture wishes to completely secure wafer supply, it has the option to license the SOI wafer

technology and insert the processes at the beginning of CMOS flow. Therefore, there is no supply issue

in FDSOI substrates.

Higher cost of SOI substrates than bulk Si substrates is another commonly cited reason for rejecting

FDSOI technology. Typically the price difference between a 300 mm SOI and bulk Si wafers is about

$300 which was significant for old technology nodes with relatively low design and chip manufacturing

costs. However, both design and chip manufacturing costs have kept increasing from node to node while

the price of Si wafer remains flat or even decreases slightly, the price delta between FDSOI and bulk

Si wafers becomes less and less significant as illustrated in Figure 14. The cost increase of design/chip

manufacturing comes from the increasing complexity of circuits and patterning. Multiple patterning

has become the new norm since 20 nm node for any critical lithography level. FDSOI provides the

opportunities for simplifying the manufacturing process and thus reducing manufacturing cost. Fewer
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Figure 14 Schematic showing (a) Process and design costs per wafer increase while substrate cost decreases as technology

advances. Substrate cost becomes a small fraction of the total cost of the state-of-the-art technology nodes. (b) Cost

comparison of a typical bulk FinFET and FDSOI. FDSOI has higher substrate cost which is offset by the lower process and

design costs.

process steps typically lead to higher chip yield. Therefore, the FDSOI device/yield benefits outweigh

the SOI wafer cost.

3.2 FDSOI manufacturing

Even though the superior electrostatics of FDSOI over bulk MOSFET has long been recognized, the

performances of FDSOI had been hindered by high external resistance due to the lack of effective doping

technique to form low resistance extensions. The conventional ion implantation tends to amorphize the

entire thin SOI layer. Raised source/drain is needed for FDSOI to reduce source/drain and contact

resistance. However, it is very challenging to grow high quality epitaxy on heavily implanted thin SOI.

This issue has been resolved by an implant-free technique [29]. After forming gate and thin spacers, an

in-situ doped epitaxy performed to form raised source/drain (RSD) to reduce S/D resistance. A thermal

anneal is performed to drive dopants from RSD to SOI and towards channel. The entire SOI remains

single crystalline and low resistance extensions are formed with high active dopant concentrations. It

is worth noting that in FDSOI the junction depth is solely determined by the SOI thickness. Diffusing

dopants from RSD to form extension does not increase the junction depth and thus good electrostatics

is maintained.

A typical system-on-chip (SoC) design requires a variety of devices. While most devices benefit from

FDSOI structure, certain devices such as vertical bipolar junction transistors (BJT) and vertical diodes

need to be on a bulk silicon substrate. To accommodate this requirement, a hybrid SOI-bulk structure is

offered by FDSOI technology as illustrated in Figure 15. The bulk silicon region is obtained by etching

away the thin FDSOI and BOX layers and optional epitaxy to eliminate the resulting topography [26,37].

4 FDSOI scalability and global landscape

Unfortunately, most of the discussions about the technology scaling simplify the problem to the ability of

a given transistor architecture to scale the gate length. This was in fact the focus of many studies in early

2000s to demonstrate aggressively scaled gate length in bulk, FinFET, and nanowire structures. The fact

that the gate length scaling is only required to the extent that the transistor gate, contacts and spacers fit

the required contacted gate pitch to follow the density requirement, is often overlooked. The sole purpose

of technology scaling is to drop the cost per transistor on one hand and to reduce power consumption

while maintaining performance (or equally increasing performance while maintaining power) by reducing

the total capacitance of the circuit and/or reducing the operating voltage, on the other hand. For highly

scaled CMOS transistors, FEOL capacitance is dominated by the parasitic components [43], and scaling

of the gate length is not as effective as it used to be in older nodes other than to allow enough space

between the gate and contacts.
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Figure 15 Schematics showing hybrid integration of FDSOI and bulk devices on the same chip.

Table 1 FDSOI scaling to 14 nm and 10 nm nodes

Technology feature 14FDSOI 10FDSOI

Contacted gate pitch (nm) 90 64

Mx pitch (nm) 64 48

Gate length (nm) 20–24 20–24

Self-aligned contact No Yes

Gate stack Gate-first high-k/metal gate Gate first (full metal gate)

PFET channel Strained SiGe (∼25%) Strained SiGe (∼40%)

NFET channel Relaxed Si Strained Si

SOI thickness (nm) 5 5

BOX thickness (nm) 20 15

Table 1 lists the main technology elements of 14 nm FDSOI along with a proposed 10 nm scenario.

Gate and metal pitch numbers are based on competitive FinFET technologies [76]. Note that FDSOI

technology did not use self-aligned contact (SAC) at 14 nm ground rules. For 10 nm FDSOI, the gate

length can remain the same as 14 nm node in view of unlikely scaling of the equivalent oxide thickness

(EOT) of the gate dielectric. SAC needs to be adopted in the same manner as that FinFET technology

is implemented [57, 58, 76] to accommodate the CPP scaling. Although FDSOI can use the popular

replacement metal gate (gate-last) similar to FinFET, we believe a gate-first process with tungsten metal

gate [77] with an insulator cap is easier to implement. FDSOI channel thickness can be kept around

5 nm because the gate length remains the same. The BOX thickness can be reduced to 10–15 nm to take

greater advantage of back biasing,

One of the main criticism to the FDSOI technology has been that it is a one-node solution and is not

scalable to the future. This was based on the “gate-length-scaling” assumptions of early 2000s, which do

not capture the past and current trends of CMOS technology. As we discussed earlier, a 28 nm FDSOI

technology has been already developed and multiple complex circuits demonstrated the advantage of the

technology over 28 nm bulk CMOS. A 14 nm technology is under R&D with the elements shown in Table

1. As argued above, the technology is scalable to 10 nm. Strain engineering elements have been already

demonstrated, while self-aligned contacts, both to active and gate regions, are still needed. Alternatively,

one can conceive a possible 22 nm implementation with the performance elements of the 14 nm, while

keeping metal pitch above 80 nm to avoid need to double patterning and reduce cost. This is in fact

what IBM-ST-Leti had used as the test vehicle for the majority of the technology development that led

to the 14 nm FDSOI technology and interestingly very much what GLOBALFOUNDRIES announced

as their 22FDX platform. The above example is a good instance of FDSOI as a “multi-node platform”

technology. The planar nature of FDSOI allows the FEOL to be independent of the BEOL. In the above

example, the same FEOL elements were initially developed with a single-patterning BEOL test chip, then

transferred to a double-patterning BEOL technology, and finally transferred back to a single-patterning

technology, while keeping FEOL almost unchanged throughout this process (with the exception of slight

change in gate pitch). This is a very important concept and has been practiced multiple times in the
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past CMOS technologies whenever a “shrink node” was developed. What was done here, however, is

somewhat in the opposite direction; placing a “better MOSFET” at an older node than it was initially

intended for, to take advantage of a depreciated foundry process (Fab 1 in Dresden in this example).

One might argue why the same concept cannot be used with FinFET. Assuming that the FinFET

cost-adder is only 2–3% (at 22 nm), and it delivers 50% or more active power reduction, why none of

major foundries offer a FinFET technology with 28 nm ground rules? This would be a much better

alternative than various 28 nm versions that TSMC is advertising. Cost argument aside, there is a

technical problem: FEOL and BEOL are linked together through the choice of fin and metal pitch.

Taking the case of TSMC’s 16 nm technology as an example and assuming that with a 64 nm metal

pitch the optimum fin pitch is 48 nm, at 28 nm ground rules the optimum fin pitch would be 60 nm or

more (This actually coincides with what Intel used in their 22 nm node). As a consequence, the higher

drive current per footprint that is advertised as one of the major benefits of FinFET diminishes if it

is placed at older node unless the fins are made proportionally taller. Manufacturing complexity aside,

FEOL capacitance grows in proportion, which defeats any advantage.

A natural extension of the above concept is to insert a reduced cost version of FDSOI at even more

mature technology nodes. There are many products that do not benefit from the most advanced nodes

because they are dominated by analog, passives, or need elements that are not available in leading edge

technologies yet, such as embedded non-volatile memory (eNVM). With the coming wave of IoT appli-

cations that require such elements and typically need a small die size, there is growing interest in more

mature technologies. Recent announcements of older nodes with process tweaked to offer an ultra-low-

power (ULP) or ultra-low-leakage (ULL) technology is a testimony to the need for a better transistor

architecture even at older nodes. FDSOI’s main propositions, i.e., the record low local transistor mis-

match, the ability to compensate for global variation with a body bias, and the ability to reduce threshold

voltage, together allow record low operating voltage, rendering FDSOI a perfect device architecture to

reduce active power. In the meantime, the ability to modulate the transistor VT enables a chip to deliver

the target performance by lowering VT and then increase it to suppress leakage when the chip goes into

standby.

In fact, several groups are actively pursuing implementations at larger dimensions. A low-cost im-

plementation at 65 nm has been already demonstrated and is ready for foundry offering [78]. One can

imagine a process shrink of this technology to 55 nm or 45/40 nm to further reduce the die cost. It

is expected that these implementations open new possibilities in ultra-low voltage operation, which is

essential for future internet-of-things (IoT) applications.
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