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ABSTRACT Performances of high-frequency integrated circuits are directly linked to the analog and high
frequency characteristics of the transistors, the quality of the back-end of line process as well as the
electromagnetic properties of the substrate. Today, Partially Depleted Silicon-on-Insulator (SOI) MOSFET
is the mainstream technology for RF SOI systems. Fully Depleted (FD) SOI MOSFET is foreseen as
one of the most promising candidates for the development of future lower power wireless communication
systems operating in the millimeter-wave range. The high frequency performances of FD SOI transistors
are presented at room but also at cryogenic and high temperature. Recently published results for FD SOI
switches and low noise amplifiers are summarized. And finally, the potential interest and challenges to
move from standard to high resistivity FD SOI substrates are discussed.

INDEX TERMS RF CMOS, silicon-on-insulator (SOI) technology, fully depleted (FD) SOI transistor, RF
and millimeter-wave performance, high temperature, cryogenic temperature, RF switches, LNA, silicon-
based substrate, high resistivity Si substrate.

I. INTRODUCTION
Radio Frequency (RF) performance of an integrated cir-
cuit (IC) does not only depend on the analog and high
frequency characteristics of the active devices, i.e., the tran-
sistors, but also the quality of the back-end of line (BEOL)
process which defines the losses along the interconnection
lines and the quality factor of the passive elements such as
the inductors and metal-insulator-metal (MIM) capacitors,
as well as the electromagnetic properties of the substrate on
which the RF IC is lying.
The parasitic resistances (metal lines and vias) and

capacitances (dielectric layers) along the interconnections
constitute a low-pass filter which drastically limits the
operational frequency of ICs [1]. Advanced BEOL pro-
cess provides higher number of metal lines, thicker metal
layers for the top levels, low-k dielectric interlayers and
denser vias using carbon nanotubes which are investi-
gated for diminishing the parasitic resistances between
metal layers [2], [3]. The substrate losses, crosstalk and
non-linearities remain the major challenges for designing
high-performance RF ICs in Si-based technologies. The root
cause of missing RF performance of high-resistivity (HR)

Silicon-on-Insulator (SOI) substrate was found by demon-
strating the existence of a parasitic surface conduc-
tion (PSC) [4], [5] below the buried oxide (BOX) and one
efficient way to disable it by introducing traps. In 2005, the
possibility of creating SOI substrates characterized with an
effective resistivity [6] as high as 10 k�.cm thanks to the
introduction of a thin undoped polysilicon layer below the
BOX of a HR SOI substrate was demonstrated [7].
Today, Partially Depleted (PD) SOI transistors with a

channel length of 90 or 130 nm combined with a HR trap-
rich SOI substrate is the mainstream technology for RF ICs.
New generation of mobile communication systems such as
5G require higher cut-off frequency for the system, bet-
ter linearity and lower power consumption. Moreover, the
integration of high-quality inductors requires higher num-
ber and thicker metal layers. To fulfil those requirements,
RF SOI must move to shorter nodes. Fully Depleted (FD)
electronic regime is a promising approach to continue the
scaling down of MOSFETs while controlling the short
channel effects (SCE). In order to limit SCE, the channel
thickness must be approximately 1/4 and 2/3 of the chan-
nel length, respectively, in the case of ultra-thin body and
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buried oxide (UTBB) and FinFET. Technological aspects,
electrostatics, scalability and variability issues in UTBB FD-
SOI MOSFETs as well as their perspectives for low power
digital applications are widely discussed and shown to be
excellent [8], [9].
In this paper, the low-power feature and high-frequency

performance of FD SOI at room but also at cryogenic and
high temperature are presented. State-of-the-art switches and
low noise amplifiers (LNAs) designed in FD SOI are sum-
marized and the impact of different FD SOI back gate
configurations on the high frequency behavior of switches
is highlighted. The potential interest but also the challenges
related to the move from standard to high resistivity SOI
substrate are briefly discussed before concluding.

II. LOW-POWER AND HIGH-FREQUENCY PERFORMANCE
OF FD SOI TRANSISTORS
Thanks to its low power features and technological maturity,
FD SOI is a prime candidate for Internet-of-Things (IoT)
applications, that will for the most part require low data
throughput, but in which low-power is essential, as well as
large volume manufacturing capabilities at low cost. Indeed,
thanks to its high ratio of transconductance to drive cur-
rent (gm/Id) FD SOI can significantly reduce consumption
in analog and RF circuits such as power amplifiers and RF
dividers. Moreover, the FD flavor of SOI technology can pro-
duce very short devices with quite low threshold voltages that
are desirable for low-power and IoT applications. For a given
off current target, FD SOI can have a lower threshold voltage
(VT) than bulk MOSFET counterparts, and thus can provide
the same drive current at lower supply voltage (VDD), result-
ing in reduction in both active power (proportional to VDD

2)
and standby power (proportional to VDD).

To enable the designs of low power and high-performance
Systems-on-Chip (SoCs), it is essential for a technology plat-
form to offer transistors with a wide range of threshold
voltage options VT. In conventional bulk CMOS, multi-VT
options are mainly achieved through the use of different
channel doping options. However, such a technique has dis-
advantages when implemented in advanced nodes because
the (short) channel’s electrical behavior becomes more sensi-
tive to random doping fluctuations (RDF). But, in FD SOI,
devices of various VT can be built by employing differ-
ent doping polarities of the wells created beneath the thin
BOX, while preserving an undoped channel (uniform 10
�.cm P-type from SOI wafer providers) and minimizing
RDF. This scheme is represented in Fig. 1, and switching
the polarity of the well produces a shift of approximately
100 mV in the VT of the transistor [8], [9], for usual UTBB-
FD-SOI BOX thicknesses of 20 to 25 nm. Regular VT
devices (RVT) are obtained using conventional wells (well
polarity opposite to S/D polarity), while flipped wells (well
polarity the same as S/D polarity) are used to obtain low
VT devices (LVT). Furthermore, these doped wells beneath
the BOX layer can be electrically contacted to define the
so-called back-gate contact, as is shown in Fig. 1. Then,

FIGURE 1. FD SOI transistors built over conventional and flipped wells.

transistor VT can be tuned even further by applying differ-
ent well biases. Applying well biases up to ±3 V produces
VT control of up to ±250 mV. Forward biasing a flipped well
device will yield a low VT (LVT) transistor, and reverse bias-
ing a conventional well will yield a high VT device (HVT).
While a constant well bias produces a fixed VT, a dynamic
biasing scheme may be implemented to manage device and
circuit power consumption. Such schemes are very attractive
to reduce standby power consumption when the circuit is in
the idle-state.
The aggressive and continuous gate-length downscaling of

MOSFETs those last decades, which has proved beneficial
to digital circuits, has resulted in tremendous reduction of
the gate capacitance controlling the carriers in the channel
and in a great enhancement of the transconductance, thereby
leading to very high cut-off frequencies. Nowadays, the most
advanced PD (45 nm) and FD SOI (28 nm and 22 nm) nodes
are boasting speed metrics that are entirely sufficient for RF
and even mm-wave applications. Fig. 2 presents the state-
of-the-art current gain cut-off frequency ft and maximum
oscillation frequency fmax for N-type SOI MOSFETs as a
function of gate length [10], with the dashed lines being
the prediction from the International Technology Roadmap
for Semiconductors (ITRS) [10]. Silicon-based devices are
inherently slower than III-V transistors due to naturally lower
carrier mobility. However, the mobility in silicon MOSFETs
can be enhanced for electrons in N-FETs (holes in P-FETs)
by applying tensile (compressive) strain to the device’s chan-
nel using silicon-carbide (silicon-germanium) S/D regions.
SOI devices with strained channels therefore present boosted
ft and fmax metrics, as shown in Fig. 2. Despite the lower car-
rier mobility in silicon compared with III-V materials, silicon
MOSFETs can be considered as a competitive technology
for high frequency applications, with cut-off frequencies and
maximum oscillation frequencies in the 300 to 400 GHz
range, easily enabling key telecommunications modules at
millimeter-wave frequencies up to 100 GHz.
In [11], [12], the impact of back-gate biasing to

DC and high frequency performance of 22 nm (22FDX
from GlobalFoundries) and 28 nm FD SOI (from ST-
Microelectronics) is presented. The front-gate and the back-
gate cut-off frequencies ft and fmax were extracted from
the four-port S-parameters data. The maximum achieved
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FIGURE 2. (a) Current gain cut-off frequency ft and (b) maximum
oscillation frequency fmax as a function of gate length for state-of-the-art
unstrained and strained SOI NMOSFETs.

front-gate/back-gate ft and fmax for the 22FDX NFET is
350/85 GHz and 370/23 GHz, respectively. In [13], 22FDX
technology demonstrated a tunable HF noise parameter by
using the back-gate biasing to achieve best-in-class minimum
noise figure of 2.8 dB at 94 GHz.
In [14], the effect of the back-gate bias (Vbg) on non-

linearity of the 28 nm FD SOI device is studied by means
of 2nd and 3rd harmonic distortions (HD2 and HD3) extracted
from DC I-V curves as well as from large-signal RF measure-
ments using 1-dB and third-order intercept (IP3) points. It is
shown that the non-linearity is reduced by applying a posi-
tive back-gate bias providing, e.g., 10-30 dB drop in HD2,
3-5 dB in HD3, depending on bias/current conditions as well
as output-referred 1-dB compression and IP3 points increase
by 1.2 dB and 1 dB, respectively. The reduction of non-
linearity by the positive Vbg application can be understood
in terms of “effective” body factor and mobility behaviors
as a function of Vbg.
Besides the advantages of the thin undoped Si channel

and the back-gate contact, FD SOI unfortunately suffers
from self-heating issues because of the BOX that strongly
increases the thermal isolation of the channel from the bulk
Si substrate [15]. In [16], self-heating and its impact on
analog performance were studied and compared for 28 nm
technology bulk and FD SOI devices. The extracted thermal
resistance (Rth) in FD SOI devices is significantly higher than

in bulk devices, in the shortest 28 nm gate length devices,
Rth of 143 and 42 K·μm/mW, have been experimentally
measured for, respectively. Self-heating causes variation of
analog figures of merit in the wide frequency range. This
variation is considerably stronger in FD SOI devices than in
bulk. Nevertheless, the voltage gain in FD SOI transistors
remains larger than in bulk by 5 – 20 dB depending on the
gate length and frequency. Therefore, FD SOI outperforms
bulk in a wide frequency range. While thermal effects are
stronger in FD SOI, their influence on device parameters is
limited.
In order to mitigate the self-heating in advanced FD SOI

transistors, Halder et al. in [17] proposed to build a heat-
evacuator (heat sink) in the rich BEOL. A reduction of
thermal resistance (and hence temperature rise) by ∼20-30%
in the case of a sink connected to the gate in comparison
to it being left floating with respect to the gate has been
experimentally demonstrated. While this study has been con-
ducted on FD SOI MOSFETs, the idea of using a heat sink in
the BEOL can be extended to other technologies. It is worth
emphasizing that proposed configuration has two advantages:
(i) it does not alter the area occupied by the devices /circuit
and (ii) it does not degrade the gate resistance (but rather
improve it).

III. LOW AND HIGH TEMPERATURE PERFORMANCE OF
FD SOI
Apart from space applications, cryogenic studies are nowa-
days strongly motivated by a breakthrough in silicon-based
quantum bits (qubit) which requires their co-integration with
the control blocks and read-out electronics for the realization
of quantum computers [18], [19]. Advanced FD SOI CMOS
is a viable solution for quantum-integrated circuits as the
implementation of qubits is compatible with this platform
and just additionally requires a few non-standard process
steps, like e-beam lithography [20], [21].
Recently, in [22], RF characterization of 28-nm FD SOI

NMOSFETs at cryogenic temperatures down to 4.2 K was
conducted. An improvement of up to ∼130 GHz in ft and
∼75 GHz in fmax was observed for the shortest device
(25 nm) at low temperature. The temperature evolution
of the RF figures of merit (FoMs) is mainly explained
in terms of mobility enhancement (improvement of 40%
in intrinsic transconductance) and gate resistance reduction
(∼30%).
The RF performance of 28 nm FD SOI transistors at

cryogenic temperature under low bias conditions was also
investigated in [22]. Fig. 3 shows the ft and fmax of the
different devices at room (300 K) and cryogenic (4.2 K)
temperatures at a low Vds bias of 0.6 V. Operating at
lower Vds reduces power dissipation and thereby self-
heating, which is a key concern for circuits aiming quantum
computing [23]. Despite an overall reduction of approxi-
mately 13-20 % in ft and fmax, compared to the nominal
Vds of 1 V, the devices are still operating incredibly well.
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FIGURE 3. ft (solid lines) and fmax (dashed lines) extracted from
extrapolation from 300 K down to 4.2 K for the 25 nm (blue),
30 nm (brown) and 150 nm-long (red) devices at Vds = 0.6 V and Vgs
corresponding to gm,max. The devices are still operating in saturation at
Vds = 0.6 V [22].

The RF FoMs are well above the values needed for quan-
tum readout circuits for a ∼50% reduced power dissipation
passing from 41.2 mW (Vds = 1 V) down to 20.7 mW
(Vds = 0.6 V).
With the enormous increase of electronics components in

vehicles, automotive ICs located close to the engine, for
instance, are subject to high temperature environment [24].
In [25], the effect of increased temperature up to 175◦C on
the 22 nm FD SOI MOSFET devices’ RF and mm-wave
performance metrics are presented through on-wafer mea-
surements and extractions. The transistor threshold voltage
(VT) was seen to reduce by 0.6 mV/◦C over the tempera-
ture range of 300 to 450 K. When increasing the operating
temperature from 300 to 450 K, a reduction of 21% and
14% was observed, respectively, for ft and fmax. The degra-
dation in the gate transconductance with temperature was
found to be one of the major factors for the reduction
in the aforementioned RF FoMs. Interestingly, there is a
bias point at which the transconductance value of the tran-
sistor does not vary with temperature. That specific bias
condition is named the zero-temperature coefficient (ZTC)
operating point of the transistor [26], [27]. As demon-
strated in [28], [29], when the temperature stability of the
RF performance of an IC is required, the transistors must
not be biased at the peak of transconductance but at the
transconductance ZTC point. Obviously, the price to pay is
a slight degradation of the transistor RF performance. For the
nominal gate length of the 22FDX NFET, ft at room temper-
ature decreases approximately by 15% when the transistor
is not biased at the peak of transconductance but at ZTC
point [25].

FIGURE 4. Literature review over time of SOI technologies for RF and
millimeter-wave circuit elements of Front-End Modules (FEMs).

IV. HIGH FREQUENCY FRONT-END MODULE IN SOI CMOS
Tremendous research effort has been dedicated to RF-SOI
driven by large volume applications requiring inexpensive
single-chip transceivers (switches, LNAs, PAs, etc.), includ-
ing both at the base-band and the RF front ends. To highlight
this, Fig. 4 presents a historical review of SOI technologies
for RF and mm-wave applications.
Integrated switches were the first SOI modules for RF

applications, hitting the market around 2007 and dominating
it for handsets by 2012. In 2019, most RF switches found
in smartphones in consumer hands are implemented in the
180 nm and 130 nm nodes on specially engineered RF sub-
strates named enhanced Signal-Integrity high-resistivity SOI
substrates (eSI) produced and sold by the French company
SOITEC. The success of that Si-based technology for RF
switches is mainly related to the RF performance of its sub-
strate providing low insertion loss, good isolation and great
linearity, all of those features at low cost. Indeed, substrate
linearity impact is directly observed on switch performance.
The DC-5 GHz Single Pole Double Throw (SPDT) switch
module in [30], implemented using a 180 nm PD-SOI tech-
nology node from TowerJazz18, is depicted in Figure 5a. The
switch is measured using the same harmonic distortion setup
described in [31], [32]. Identical SPDT circuit modules are
implemented on two types of SOI substrates, a HR SOI and
an RFeSI90 TR-SOI. The switch is measured under large
signal at 900 MHz in the ON-state from the Tx port to the
Antenna port, while the Rx port is loaded to 50 �. The har-
monic distortion results are given in Figure 6b. It is shown
that approximately 20 dB of linearity increase is achieved
by substituting the HR substrate with a TR RFeSI90 sub-
strate, highlighting the substrate’s impact on overall signal
distortion in RF modules.
Significant research interest and industry development

pushed the RF SOI nodes even further, down to the 45 nm
PD-SOI node, truly optimized for RF performance, and
beyond, to sub-30 nm FD-SOI nodes. These advanced PD-
SOI and FD-SOI technologies boast cutoff and oscillation
frequencies in the range of 400 GHz. With these per-
formances other key RF circuit elements emerged in the
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FIGURE 5. Harmonic distortion of a DC-5 GHz SPDT module in 180 nm
PD-SOI technology on two types of substrate, HR and TR SOI [30].
(a) Switch layout. (b) Power of second harmonic (at 1.8 GHz) component
H2 plotted versus power of fundamental component (at 900 MHz) of the
output of an SPDT RF switch PD-SOI implemented on HR and TR SOI
substrates. The switch is in the state that connects Tx to Antenna. The large
signal is introduced at the Tx port, and the harmonics are measured at the
Antenna port. The Rx port is loaded to 50 �.

literature, starting from around 2010-2012 for low-noise
amplifiers (LNAs) and power amplifiers (PAs). The partially
depleted 45 nm RF-SOI process from GlobalFoundries has
demonstrated its strong potential for RF and mm-wave cir-
cuits. Fig. 4 shows the emergence of this technology around
2012, implementing RF functions such as VCOs, LNAs, PAs
and switches at millimeter wave frequencies up to 100 GHz,
and this process is commercially available to the industry
as of late 2017. Integrated on low-loss and highly linear
trap-rich substrates from SOITEC, this process is truly opti-
mized for RF purposes allowing high-quality interconnects,
transmission lines and passives (inductors, transformers,
etc.) along with strong substrate isolation and linearity [33].
Around 2015, IC demonstrator circuits in 22 nm and 28 nm
UTBB FD-SOI processes (from GlobalFoundries and ST-
Microelectronics or Samsung, respectively) were developed,
and interest in these technologies for high frequency appli-
cations has increased significantly since then. In particular,
Fig. 4 clearly reveals a focus at 28 GHz in the recent FD-SOI

FIGURE 6. Schematic of the designed SPDT switches.

FIGURE 7. Simple representation of the three different flavors of
UTBB-FD-SOI devices considered for the implementation of the mm-wave
SPDT switches. The source (S), drain (D), gate (G) and back-gate (BG)
terminals are depicted.

research literature. While 45 nm RF-SOI has a strong appli-
cation focus at the millimeter-wave (above approximately
20 GHz) bands (due to its high speed and optimized sub-
strate and process), FD-SOI nodes also find applications at
lower frequencies (sub-6 GHz) where their RF performances
can be tuned down to remain sufficient for IoT type RF
applications but at ultra-low power consumption.
More recently, FD SOI is gaining interest for millime-

ter wave switches. In [34], the design of ultra-wideband
SPDT switches (Fig. 6) targeting the Ka-band fabricated
using the 22FDX technology has been presented. Three types
of SPDTs were designed, based on the three key mm-wave
FET devices offered by the foundry library (Fig. 7): (i) the
conventional-well device with regular-VT (RVT), (ii) the
flipped-well devices with super-low-VT (SLVT), and (iii) the
BFMOAT which lacks the back-gate contact as the substrate
region directly beneath the BOX is specially treated in order
to reduce substrate parasitics [35]. The devices are com-
pared in terms of SPDT FoMs, with a focus on the impact
of back-gate bias.
The SPDT switches were designed based on a series-shunt

topology, as shown in Fig. 6, for wideband functionality. The
designs were made to achieve the lowest possible insertion-
loss (IL) while maintaining an isolation (ISO) of 30 dB at
28 GHz. A stack of three transistors was used in each branch
targeting 20 dBm of input power 1-dB compression point.
NFET devices with 20 nm nominal gate length were used
to implement the SPDTs. The total transistor width chosen
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FIGURE 8. Measured insertion loss for the three SPDT switches. The
applied back-gate bias is Vbg1 = 3 V and Vbg2 = 0 V for the RVT and SLVT
switches.

to achieve these specifications are Wseries of 72 μm and
Wshunt of 29.4 μm. The bias resistors at the gate and back-
gate terminals are 9.20 k�, and the resistors in parallel with
the FETs are 2.45 k�.
In [34], all devices have been compared at 28 GHz under

both small- and large-signal analysis. At 28 GHz, the SLVT
device outperforms both the RVT and BFMOAT in all small-
and large-signal FoMs. This is because the SLVT can attain
the lowest threshold voltage, which has the simultaneous
impact of lowering IL and increasing P1dB and IIP3.
However, the IL curves in Fig. 8 show that the BFMOAT

device has slower IL roll off versus frequency, thanks to
its lower parasitics. This is supported by the conclusions
from [35], and marks the BFMOAT device as the preferred
choice over SLVT and RVT for mm-wave switches in the
40-100 GHz range. In the lower frequency range RVT and
SLVT switches outperform the BFMOAT ones thanks to an
applied back gate bias, that enables them to achieve approx-
imately 0.2 dB advantage in IL from DC to 20 GHz. The
IL of SLVT with back-gate biasing is lower than that of
BFMOAT up to around 34 GHz for the designs presented
in [34] with matching, and up to around 26 GHz for the
unmatched design. The applied bias that improves IL also
simultaneously enhances P1dB and IIP3, by 1 dBm and
4 dBm, respectively.
In [36], it has been demonstrated that shunt parasitics are

non-negligible contributors to FET performance for mm-
wave switch applications and complement the well-known
Ron.Coff figure of merit for FET benchmarking, as Ron.Coff
contains information only on the series Y-parameter Y21.
While the imaginary parts of shunt admittances can be com-
pensated for with matching circuits, the real parts cannot, and
will always be a source of S21 degradation (insertion loss)
in all of the most common switch topologies. The impor-
tance of shunt loss was demonstrated by analyzing how
a BFMOAT device outperforms an SLVT as a mm-wave
switch despite having a significantly larger Ron.Coff. Based
on this understanding, a wideband DC-80 GHz SPDT switch
was designed and fabricated to showcase the BFMOAT’s
low shunt-parasitic performance. On-wafer measurements
demonstrate this SPDT to be competitive over this band, with

FIGURE 9. Schematic of the 2-stage LNA.

FIGURE 10. S-parameters measurements of the 2-stage LNA.

an insertion loss of 2.6 (2.1) dB at 80 (60) GHz, and an isola-
tion of 25 (21) dB at 80 (60) GHz, for a of P1dB = 19.9 dBm
and IIP3 of 33.6 dBm. As highlighted in [36], those per-
formances are quite competitive when compared with the
state-of-the-art mm-wave SPDT modules operating close to
60 and/or 80 GHz.
In [37], a 2-stage low noise amplifier (LNA) with 22FDX

SLVT transistors including degenerate source inductors is
demonstrated at 39 GHz (Fig. 9). The back-gate of each
transistor is biased individually in order to fine tune the
LNA performance. The SLVT NFETs have a channel length
of 20 nm, a finger width of 0.5 μm and a total width of 60
μm. For a power consumption of 20.8 mW, the character-
istics of the LNA are: a measured peak gain of 19.9 dB at
39 GHz, a 3-dB bandwidth from 34.9 to 43.3 GHz, a return
loss less than −10 dB from 36.7 to 49.5 GHz, a RF noise
figure (NF) of ∼2.6 dB at 39 GHz and lower than 3 dB
from 34.5 to 48 GHz.
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V. HIGH RESISTIVITY FD SOI SUBSTRATE
Today, all the ICs based the FD SOI technology are fab-
ricated in starting with a SOI substrate which includes a
handle Si substrate characterized by a standard resistivity
of around 10 �.cm. At high-frequencies the thin dielectric
layers isolating the metal interconnects, passives, and transis-
tors from the substrate become transparent by their capacitive
nature, and significant electric fields from these devices pen-
etrate into the silicon substrate, inducing losses and strongly
impacting the values of parasitic coupling elements. To min-
imize as much as possible losses along interconnection lines
and also to mitigate parasitic coupling between integrated
circuits on the same substrate, it has been demonstrated
that it is important for the underlying substrate to have
a high effective resistivity [38]. Low-doped silicon is then
favored with high nominal resistivity (ρnom) above 1 k�.cm.
However, the effective resistivity (ρeff), i.e., which is sensed
by the overlying planar circuits, can differ strongly from
the nominal resistivity ρnom due to band bending effects
at the semiconductor/insulator interface that severely reduce
the local resistivity, greatly impacting the overall sensed ρeff.
The resistivity of semiconductors is by nature dependent on
the local electric field (and we call this the field-effect).
Low-doped high-resistivity (HR) substrates are particularly
field-sensitive, and it is typical for the semiconductor volume
beneath the insulator to be in a conductive state due to (even
low-level) parasitic fields present in the multilayer. The most
common parasitic fields originate from fixed charges (usually
positive in Si/SiO2 heterostructures) that are present at the
insulator/semiconductor interface. Then, a highly conductive
channel-like layer is induced beneath the insulator [5], [6].
These charges are inevitable in the IC fabrication process,
and induce free electrons at the interface in very high concen-
trations, locally lowering the resistivity beneath the circuits
by a factor of 103 to 106. This in turn lowers the sensed
effective resistivity by a factor of 10 to 104, to values as
low as 1 �.cm (Fig. 11). This is referred to as the parasitic
surface conduction (PSC) effect that renders the use of a HR
substrate ineffective for improving the performance of over-
lying RF-ICs as compared to standard-doped (Std) silicon
(ρnom ≈ 10 �.cm).
A breakthrough in this area was made in the early

2000’s with the introduction of a thin polysilicon layer
rich in defects (traps) beneath the buried oxide in SOI
technology [7]. This layer effectively mitigates the PSC
effect by pinning the Fermi level near mid-gap at the
interface in a highly resistive state, enabling ρeff values of
over 1 k�.cm.
In order to evaluate harmonic distortion originating from

the substrate, a simple CPW line structure is employed, a sin-
gle tone with fundamental frequency of 900 MHz is injected
into one port of the CPW line. The power of this input tone,
which we shall denote as H’1, is swept from −30 dBm to
+25 dBm using 50 � reference port impedances, and the out-
put signal is retrieved and analyzed in terms of its frequency
components. Due to the non-linear behaviour of silicon-based

FIGURE 11. Resistivity profiles in the semiconductor volume beneath the
BOX layer for a standard-resistivity substrate (10 �.cm), a high-resistivity
substrate (5 k�.cm), and a trap-rich substrate (5 k�.cm bulk + 2 μm-thick
polysilicon rich in traps at BOX interface). All profiles include the presence
of interfacial oxide charges with a density of 1011 cm−2.

substrates signal distortion is introduced and the output sig-
nal is in general a multi-tone signal, with a fundamental
component, denoted as H1, along with harmonic compo-
nents at all integer multiples of this fundamental frequency,
denoted as H2 (at 1.8 GHz), H3 (at 2.7 GHz) and so on [39].
Fig. 11 plots the H2 component for increasing fundamental
output power H1 obtained from on-wafer measurements of a
2.1 mm-long CPW line on the three types of SOI substrates
under consideration. Large voltage signals modify the free
carrier distributions in the underlying silicon substrate, as it
is pulsed through inversion / depletion / accumulation states
over time in response to the large signal (the field effect).
This leads to relatively high harmonic distortion at the out-
put of the CPW line, induced by the voltage-sensitive Std
and HR silicon substrates.
The introduction of the polysilicon trap-rich layer beneath

the BOX of a nominally high resistivity substrate brings
reductions of 40 to 60 dB in the total distortion over
the measured power range (Fig. 12). The traps at the
Si/SiO2 interface effectively pin the Fermi-level near mid-
gap. Contained to a narrow energy range by these traps,
the position of the Fermi-level is rendered much less
voltage-sensitive, improving the linearity of the substrate and
reducing the substrate-induced distortion in signals propa-
gating through overlying transmission lines. More in-depth
description and modeling of the non-linear behaviour of
semiconductor substrate over a wide frequency band can
be found in [40], [41].
Today’s success of PD-SOI technology for RF ICs is

mainly due to significant technological improvements at the
substrate level brought by the trap-rich substrates developed
by SOITEC, also named eSI, which stands for enhanced
Signal-Integrity. Different flavors of eSI trap-rich wafers can
be found on today’s market. The eSI80 product presents a
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FIGURE 12. Power of second harmonic (at 1.8 GHz) component H2 plotted
versus power of fundamental component (at 900 MHz) of the output
signal of a 2.1 mm-long CPW line (central conductor width of 26 μm and a
spacing of 12 μm between conductors) implemented on the considered
types of SOI substrates.

low H2 distortion level at −80 dBm for a fundamental com-
ponent H1 of +15 dBm, while the eSI100 boasts an even
lower level at −100 dBm, thanks to a combination of a
higher quality trap-rich polysilicon layer and a lower dop-
ing level of the Si handle substrate [33]. In today’s market
(2021), 300 mm-diameter SOI trap-rich wafers are com-
mercially available for the most advanced PD-SOI nodes
(180 nm to 45 nm) and used in front-end switching modules
of virtually all modern-day smartphones.
As mentioned in the introduction, there is a clear move

to FD SOI technology for targeting the new generations of
mobile communication systems such as 5G requiring higher
cut-off frequency for the system, better linearity and lower
power consumption. Building on the commercial success of
RF-SOI obtained through the development of trap-rich SOI
substrates (eSI), researchers from academia and the micro-
electronics industry are working on the development of FD
SOI substrates including a highly-resistive handle Si sub-
strate of a few k�.cm. Similar to HR SOI substrates, we
have to develop solutions to mitigate the PSC which will
be present underneath the thin BOX. Contrary to the PD
SOI technology, FD SOI transistors feature a back-gate con-
tact, and therefore, integration issues exist between advanced
FD-SOI nodes and trap-rich (TR) substrates due to the fore-
seen difficulty of defining back-gate contacts below the BOX
within the polysilicon trapping layer.
Hereafter, a different solution from TR to counter the PSC

effect in HR wafers, which is fully compatible with FD-SOI,
and based on a smart array of P- and N-implants below the
BOX is presented. The major idea is to locally interrupt the
PSC channel by inducing a chain series of buried depletion
junctions at the HR Si substrate / SiO2 (BOX) interface.
The functioning principle behind this type of depletion-
enhanced (DP) substrate is illustrated in Fig. 13. A series of
P and N regions are defined by ion implantation beneath the
BOX (Figs. 13a and 13b). The depletion junctions induced
between adjacent P and N regions serve to impede the field
propagation in unwanted directions. Furthermore, the strong

FIGURE 13. (a) 2D resistivity profile in a DP substrate upon which a CPW
line is defined. Fixed positive oxide charges are represented by “+”
symbols. (b) and (c) are the local carrier concentration and resistivity
profiles in the x-direction at the BOX/Si interface where the buried PN
junctions are defined. The depletion regions are shaded in grey.

dopant concentration in these P and N regions is much less
field sensitive, giving rise to an increase in substrate linear-
ity. The conductive PSC path is interrupted, which results in
an increase in substrate ρeff in the direction perpendicular
to the buried junctions. The interruption of the interfacial
conduction channel (PSC) with resistive depletion regions is
highlighted by grey regions in Figs. 13b and 13c. Although
the resistivity in the P and N regions is low, they come in
series with the depleted junctions characterized by very low
free carrier density that are, therefore, highly resistive. The
overall impedance of the path through the substrate between
signal and ground electrodes of the CPW line is dominated
by the depletion regions that are shown in Fig. 13c to be
highly resistive. The PN junctions should be placed normal
to the desired direction of increased substrate impedance.
An array-type configuration may be adopted, or a tailored
layout to suit the needs of the overlying passive device.
In [42], CPW lines and crosstalk structures defined at

a 90◦ angle to the doping lines, as shown in Fig. 14, have
been deposited on high-resistivity (> 5 k�.cm) Si substrates
into which alternative P and N doped regions, of different
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FIGURE 14. Pattern and sizing of the P and N doped regions relative to the
CPW and crosstalk structures on the DP substrates.

FIGURE 15. Effective electrical substrate parameters extracted from RF
measurements of CPW-lines.

doping levels and dimensions, were defined by implantation
to create depletion junctions.
From the measured S-parameters the RF line losses α

and the effective resistivity ρeff were extracted (Fig. 15) up
to 20 GHz. The DP substrates show increased performance
compared to the HR wafer. The DP-A1 sample shows the
best performance values of all nine DP wafers because it
has the highest density of PN junctions between signal and
ground lines in the CPW, and because it has the widest
depletion junctions due to it using the lowest doping levels.
It presents a high ρeff in the range of 2 k�.cm at 5 GHz and
low RF losses. Large-signal measurements of the CPWs were
also performed. A single tone with fundamental frequency
of 900 MHz is injected into one port of the CPWs on each
substrate. The power of this input tone H’1, is swept from
−30 dBm to +25 dBm, and the output signal’s components
H1 (fundamental), H2 and H3 (second and third harmonics)
are retrieved by a spectrum analyzer. The total harmonic
distortion (THD) is plotted in Fig. 16. It is shown that the
voltage sensitive HR sample is highly non-linear, whereas
the CPW on the TR wafer shows low distortion. The DP

FIGURE 16. Total harmonic distortion level at the output of a 2 mm-long
CPW line on various substrates.

substrates present intermediate results, achieving 30 dB total
linearity increase over HR. The lower doped DP-A1 sam-
ple shows slightly higher THD due to slightly wider and
more field sensitive depletion regions, highlighting therefore
a slight trade-off between effective resistivity and linearity.
It is worth noting that the used P and N implants for the

DP samples are quite similar than the ones existing in a full
UTBB-FD-SOI process for defining the back-gate electrodes
below-BOX wells. This technique to mitigate PSC in the case
of FD SOI on HR Si is thus quite cost effective. It is also
important to mention that the preliminary results presented
in [42] were obtained with a lithography with a limited res-
olution of around 2 μm. Thus, the proportion of depleted
volume in the interfacial silicon layer (P- and N-doped
regions) for those samples was 7.4% (160 nm/2.16 μm).
More recently, the concept has been tested with a more
advanced fabrication process (180 nm photolithography res-
olution) at CEA-Leti enabling a higher density of depletion
junctions (47%) to be defined in a given space, thereby
increasing the substrate impedance even further to produce
even better RF results [43].
Still based on the same concept of buried PN junctions,

a spiral inductor’s quality factor was shown to increase by
placing a series of spiral depletion regions in between each
turn of the inductor, because quality factor degradation is due
to high coupling between adjacent spirals, which is facilitated
by the conductive substrate or PSC effect [44].

VI. CONCLUSION
Today’s success of PD-SOI technology for RF is due to
significant technological improvements made at both the
transistor and the substrate levels. In 2021, the 130 nm and
180 nm PD-SOI nodes on optimized RF substrates dominate
the RF switch market in handheld smartphone devices.
The more advanced PD-SOI nodes (sub-100 nm) as well

as the most advanced FD-SOI nodes (sub-30 nm) are demon-
strating their potential for all kinds of RF and millimeter-
wave functional blocks beyond RF switches (LNAs, PAs,
VCOs, etc.) towards full SOI front-end module integration.
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In the case of FD-SOI nodes, there is still some room of
improvement for their high frequency performances thanks
to the introduction of high-resistivity handle substrate in
the near future. Furthermore, FD-SOI’ ultra-low power
capabilities are of significant interest toward IoT types of
applications.
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