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ABSTRACT

High-Resistivity (HR) Silicon-on-Insulator (SOI) technology is currently
addressing mobile challenges allowing heterogeneous integration on a single
chip for RF, mixed-signal and SoC applications. HR-SOI substrate decreases
RF losses and substrate coupling enabling the integration of high performance
passive on-chip components. Nevertheless, it is known that a highly conductive
inversion/accumulation layer beneath the BOX degrades the high resistivity
properties of the handle wafer, thus increases RF losses, non-linearity behaviour
and coupling through the substrate. Engineered trap-rich HR-SOI substrate
is well placed to recover the high resistivity properties of the handle wafer
enhancing its RF performance in terms of linearity, reduction of losses and
coupling effects.

In this thesis, based on wideband electrical measurements the crosstalk of
HR-Si substrate with and without a trap-rich layer has been modelled. It has
been demonstrated that the quasi-lossless trap-rich (TR) HR-Si substrate can be
described by a purely capacitive network. A photo-conductive CPW RF switch
structure has been designed and characterized. Thanks to the trapping layer sur-
rounding the active area of the optical RF switches a drastic reduction of the
optical crosstalk effect due to the lateral photo-generation in HR-Si substrate
is achieved. Static and RF performances of passive and active fully depleted
SOI MOSFETs have been characterized on Smart-Cut HR-SOI and TR-SOI
(commercially named as Enhanced Signal Integrity, eSI) wafers manufactured
by Soitec, Bernin, France. Small- and large-signal measurements indicate a sig-
nificant improvement in linearity, reduction of RF losses and crosstalk, as well
as much larger Q) factor for thick-metal spiral inductors on trap-rich substrate.
It has been demonstrated that the introduction of trap-rich layer underneath
the BOX does not alter the DC and RF performances of SOI CMOS transistors.
Moreover, the digital substrate noise is reduced by more than 25 dB on TR-SOI
wafer compared with HR-SOI. Temperature measurements of TR-SOI substrate
have shown that intrinsic free carriers thermo-generated inside the HR Si sub-
strate degrade its RF performance above 125 °C. The generation of traps in the Si
substrate volume is required to keep a quasi-lossless Si-based substrate at higher
temperature. Porous silicon demonstrated its efficiency over a wide temperature
range, from 25 °C up to 175 °C. Based on all these experiments and simulations,
trap-rich Si-based substrate concept paves the way for more integration of mixed
signal, digital, analog and photonic devices on a single chip.
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CHAPTER 1

INTRODUCTION

onnected mobile devices are becoming a strategic imperative in order to re-
main attractive, improve efficiency and competitive for advanced electronic
applications. The wireless revolution where Laptops, Smartphone’s, tablets, T'Vs,
vehicles and enterprises are connected in a cloud style environment makes pos-
sible communication anywhere at any time. Recent developments in wireless
communications with the emergence of advanced radio-frequency standard such
as LTE, LTE-A and 5 G have brought numerous challenges. The most critical
challenge is to provide higher levels of integration with more power efficiency
and cost-effective solutions on the same-chip. In parallel to the development of
nanometer CMOS as well as beyond-CMOS device technologies for switching,
memory and analog functions, the increasing need to integrate various (hetero-
geneous) technologies (e.g. RF communication, power control, passive compo-
nents, sensors, actuators) helps to migrate from the system board-level into the
system-in- package (SiP) or to the system-on- chip (SoC). In fact, mobile System-
on-Chip (SoC) with heterogeneous integration of multiple technologies has truly
revolutionized the semiconductor industry [1]. This trend relies on the integra-
tion of “More Moore” (MM) devices (mainly silicon technology scaling) with
“More than Moore” (MtM) elements that add new functionalities (non-CMOS)
that do not typically scale or behave according to “Moore’s Law” [2, 3] as can
be depicted in Fig. 1.1.
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Fig. 1.1: Combined need of miniaturization of the digital functions (“More
Moore”) and functional diversification (“More-than-Moore”) [3, 4].

1.1 SUBSTRATE TECHNOLOGIES FOR RF APPLICATIONS

In microelectronics, photonics, opto-electronics, high frequency or high power
device applications, selecting the right semiconductor substrate technology can
provide a strategic advantage by achieving higher applications performance.
Materials such as gallium arsenide (GaAs), alumina, SOS have traditionally been
the substrate of choice for microwave and (radio-frequency) RF applications.
However, the large scale of commercial RF applications, such as cellular com-
munication require substrates that are low loss, low cost, easy to manufacture
and capable of being integrated with digital, and RF MEMS technologies. As
CMOS technology continues to scale down allowing operation cut-off frequency
f# close to 500 GHz for n-MOSFETS [5], it provides the opportunity to integrate
RF System-on-chip applications (SoC) [6] that contain digital, analog and
RF functions on the same chip. Although silicon is a very mature technology,
low-resistivity silicon substrate has not been used as microwave substrate
because its extremely high dielectric loss which limit the integration of high
quality passive components. The bulk Si solution implementation requires
complex processing like triple wells and deep isolation trenches.
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1.1.1 SOl technology

Silion-on-insulator (SOI) technology has been developed in the 1960-1970s. It
provides complete oxide isolation from the handle silicon substrate offering
high speed, reduction of leakage currents and power consumption [7]. There
are several methods for fabrication of SOI wafers. Oxygen implantation into
silicon (SIMOX) [8, 9] or bond/etch back (BESOI) [10, 11] have gained early
acceptance in the market. Epitaxy layer transfer (ELTRAN) [12], and single
layer transfer are the two most critical processes for substrate engineering
that allow the tailoring of the composite substrate to the application. Unibond
Smart-Cut™ process is the dominant method for thin layer transfer and SOI
fabrication [13]. This technique starts with an thermal oxidized Si bulk substrate
(donor substrate). Then a splitting region within the donor substrate (oxidized
Si bulk substrate) by ion implantation (e.g. H or He™) is defined. The latter
allows for transferring a thin film to the handle wafer by means of bonding
followed by splitting. Unibond Smart-Cut process can be used to create a thin
layer of any semiconductor material on top of an insulator.

The first SOI substrate was the Silicon-on-Saphire (SOS) which used the
alumina (AlyO3) as an insulator [14]. SOS substrates are well suited for RF
applications and co-integration of digital and RF functions to produce highly
programmable system [15].

1.1.2 HR-SOI advantages for RF applications

The integration of high quality passive components in standard bulk silicon
technology is not obvious. It is well known that passive components integrated
in standard silicon technologies suffer from high substrate losses. Both active
devices and passive components RF performance are affected by the losses in
the conductive silicon substrate, particularly at high frequencies. The degree
of those losses depends on the resistivity of the silicon and on the thickness of
the dielectric isolation. Increasing the resistivity will reduce the substrate losses
and parasitic coupling, thus increase the quality factor of the integrated passive
components. Since SOI technology is fully compatible with high resistivity
(HR) substrate without inducing any impact on latch up or isolation, high
performance passive components can be achieved on SOI. The presence of the
buried oxide layer not only reduces the junction capacitance but also offers the
opportunity of using high resistivity substrate to reduce substrate related RF
losses and coupling.

Today, substrate resistivity values higher than 10 k2.cm can be achieved and
it has been shown experimentally in [16] that dielectric losses associated with
silicon substrates become negligible when its nominal resistivity is as high as 3
kQ.cm.

With the recent advance and decreasing cost of SOI substrates, SOI is becoming
a mainstream technology for high performance RF switches. High performance
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antenna switches have already been integrated on SOI [17, 18] and more than
65 % of substrates used in fabricating handset switches are SOI based [19].
The feasibility of SOI power amplifiers has also been reported very recently
[20]. HR-SOI technology has recently come abroad to address the integration
of multi-standard RF front end modules (FEM) on the same chip, since it
offers the highest possible degree of integration and a cost effective approach [21].

1.2 SUMMARY OF PREVIOUS WORK AND CONTRIBUTIONS

Although, HR-SOI has demonstrated considerable reduction of substrate losses
and crosstalk [22], it is known that HR-SOI handle wafer suffers from a para-
sitic surface conduction effect (PSC) [23]. The presence of fixed oxide charges at
the Si0O5/Si interface creates an accumulation/inversion high conductive layer
which degrades high resistivity properties of the handle wafer, increases its sub-
strate losses and crosstalk. In his PhD thesis [24] D. Lederer evaluated the RF
performances of oxidized high resistivity silicon substrate and developed a figure
of merit (FoM) which account for wafer inhomogeneities. The proposed effec-
tive resistivity p.ss [25] parameter correspond to substrate resistivity sensed by
a coplanar wave-guide structure. As previously mentioned, HR-SOI wafers are
strongly affected by parasitic surface conduction (PSC) effect which drastically
reduces their effective resistivity pesy [25] at least one order of magnitude lower
than the nominal wafer resistivity (= 10 kQ2.cm) as seen in Fig. 1.2.

Several technological solutions have been proposed in the literature to overcome
this issue [23, 26, 27]. HR-Si wafer passivated using a trap-rich layer underneath
the oxide drastically reduces substrate RF losses allowing the handle wafer to
recover its high resistivity properties as can be seen in Fig. 1.2.

In addition to the effective resistivity FoM to compare different Si-based sub-
strate RF performance by means of their inhomogeneous conductivity proper-
ties, RF non-linear behaviour was addressed by C. Roda Neve in his PhD thesis
[28]. Typically non-linearity behaviour is known to be generated from active de-
vices. However, it has been demonstrated that the substrate itself introduces
harmonic distortions which can be much higher than those of active devices
or RF switches [29]. Large-signal measurement using passive components such
as CPW lines or crosstalk structure on trap-rich passivation layer underneath
the oxide layer proved that harmonics levels are significantly reduced below the
wireless communication systems as depicted in Fig. 1.3.

1.3 SCOPE OF THIS WORK

As illustrated in Fig. 1.4 improving substrate RF performance allows to inte-
grated diverse functions, such as high quality passive elements, active devices,
optically controlled devices and RF MEMS structures on the same chip. The
research objectives of this dissertation are to complement previous work and
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investigate RF performance of the trap-rich HR-SOI (TR-SOI) technology and
its suitability to co-integrate on-chip passive elements and active devices for RF
front end blocks and system-on-chip applications. A detailed description of the
used wafers list for each chapter is presented in Annexe A.

Chapter 2 will address the electrical substrate coupling effect and its
reduction using a trap-rich passivation layer. The substrate resistivity profile
was investigated using a simple MOS structure to analyze the PSC effect
and how it was reduced using high density of traps at the SiO3/Si interface.
Based on physical simulations and ultra wideband electrical measurements
of a crosstalk-test structure lying on oxidized HR-Si wafer with and without
trap-rich passivation layer an equivalent circuit model was developed. The
latter take into account the parasitic surface conduction effect that occurs at
the substrate surface. It has been demonstrated that the quasi-lossless trap-rich
(TR) HR-Si substrate can be described by a purely capacitive network.

Trap-rich HR-SOI for RF SoC applications

SOI MOSFETs
RFin Mixed
Output
Noise
900 MHz 900 MHz
Up .
RF MEMS ' .OptICI?ﬂ c.r0§stalk
High Q, Uniform CW illumination =671 nm
inductors \X&’R/&x’\' Source Ga; Drain |
—— —_——— EEE EEE —— e —

BOX

Down

Fig. 1.4: RF System-on-Chip on TR-SOI.

In chapter 3, a photo-conductive CPW RF switch structure has been
designed and characterized on oxidized HR-Si substarte with and without a
trap-rich passivation layer. A well-controlled process was developed to locally
etch the polysilicon window only from the restricted photoconductive area of
the CPW photo-induced switch. Thanks to the trapping layer surrounding
the active area of the optical RF switches a drastic reduction of the optical
crosstalk effect due to the lateral photo-generation in HR-Si substrate is achieved.
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While chapter 2 and 3 focus on electrical and optical crosstalk on trap-rich
HR-Si substrate, chapter 4 deals with DC and RF performances of passive
and active devices on commercial 200 mm HR-SOI and TR-SOI wafers (com-
mercially named as Enhanced Signal Integrity, eSI) manufactured by Soitec,
Bernin, France. Small- and large-signal measurements indicate a significant
improvement in linearity, reduction of RF losses and crosstalk, as well as much
larger Q factor for thick-metal spiral inductors on trap-rich HR-SOI substrate.
It has been demonstrated that the introduction of trap-rich layer underneath
the BOX does not alter the DC and RF performances of FD SOI CMOS
transistors. Moreover, the digital substrate noise (DSN) was investigated on
HR- and TR-SOI wafers. Digital switching noise was injected in the vicinity
of SOI MOSFETSs and the mixed output spectrum signal at the drain port
quantify the coupled signal through the common substrate.

In chapter 5 the impact of temperature on trap-rich HR-SOI wafers was
investigated by means of physical Atlas simulations, small- and large-signal
measurements for a wide temperature range from —120°C up to 255°C. The
trapping capabilities of trap-rich HR-Si and porous Si wafers are characterized
using small- and large-signal measurements at high temperature and compared
compared with their respective counterpart HR-Si and std-Si substrates,
respectively.

RF MEMS tunable low-pass filter and patch antenna were designed and
fabricated on top of HR-Si and trap-rich HR-Si substrates using a low com-
plexity fabrication process (see Annexe B). Experimental and simulation results
demonstrate that the important insertion loss for low-pass filter originates from
the PSC occurring at the SiO2/Si interface. The introduction of a trap-rich
passivation layer at the SiO5/Si interface is a promising solution to improve
the quality of RF-MEMS integrated on Si substrate.

A general conclusion of this thesis is presented in chapter 6 and perspectives
that highlight the efficiency of TR-SOI technology for co-integration of mixed
signal, digital, analog and photonic devices on a single chip are discussed.
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CHAPTER 2

ULTRA-WIDE FREQUENCY RANGE
CHARACTERIZATION AND MODELLING
OF SUBSTRATE CROSSTALK ON
TRAP-RICH HR-SI WAFERS

ITH ultrawideband (UWB) technology emerging in commercial applica-
tions, low power, high integration and low cost UWB ICs have attracted
significant development resources. Silicon technology is the centrepiece on the
semiconductor industry and has a large production scale. With the scaling of
CMOS technologies and tremendous improvements in RF characteristics such as
ft and fq. of CMOS devices, there has been a huge trend to design RF CMOS
devices and circuits in CMOS technology. Highly integrated CMOS transceiver is
obviously a candidate for low-cost UWB products. Therefore, CMOS technology
shows it capability for the co-integration of digital blocks with high-performance
RF analog devices on the same silicon substrate for System-on-Chip (SoC) ap-
plications [1-3]. However, cost reduction and higher performances obtained from
the development of a single chip solution have to face a significant undesired cou-
pling effect and substrate losses that can degrade the performance of RF mixed-
signal and complex SoC circuits. One of the main issues to make RF mixed signal
integrated circuits is the much lower substrate resistivity in standard CMOS pro-
cessing which limited the integration of high-quality passive elements, compared
with semi-insulating GaAs. Moreover, integration of digital blocks generate a
switching digital noise that can be easily injected into and propagate through
the lossy silicon substrate, and thus degrades the performance of the sensitive
analog and RF integrated circuits (ICs) or even causes failure of the system.

11
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High performance SoC applications impose stringent requirement on the sub-
strate characteristics. An ideal substrate should be good thermal conductor and
provide good isolation for digital switching noise (preferably < -100 dB). Among
the numerous wireless standards, ultra wideband (UWB) systems face many de-
sign and technological challenges since it operates at high frequencies and over a
wide frequency band (3.1 to 10.6 GHz). Such systems are more sensitive to sub-
strate noise which mostly originates from the synchronization clock (500 kHz,
3 MHz, 10 MHz, 100 MHz, etc.) and the high speed digital circuits. Switching
noise of such digital circuits propagates through the substrate and affects the
different parts of the wideband system such as low noise amplifier (LNA) [4],
UWB RF filters [5] and voltage controlled oscillator (VCO) [6].

The effect of substrate parasitics on insertion loss (IL) of CMOS T/R switch
was highlighted by Huang [7], and low IL designs were demonstrated at 900
MHz as well as at 2.4 GHz [8]. Among the many applications enabled by SoC
building blocks are reconfigurable RF systems that benefit from co-integration
of RF MEMS devices with CMOS integrated circuits. Although they offer high
performance in a modular fashion, they still suffer from substrate coupling and
crosstalk effect [9].

Digitally oriented bulk CMOS process typically rely on low resistivity substrate
in order to minimize the latch-up considerations. The resulting conductive losses
in monolithic inductors, transmission lines and other high-frequency circuits are
usually considered to be excessive for RF applications, and so lightly doped sili-
con substrates are more typically used in both CMOS and BiCMOS approaches
for RF SoC applications. High-resistivity silicon (HR-Si) has recently drawn
increased attention for the integration of radio frequency (RF) [1, 2] and mil-
limetre wave [3] integrated circuits on silicon substrates. In fact, the use of high
resistivity silicon substrate has been proposed as an attractive material for co-
integration of RF and mixed-mode signal systems [10]. It exhibits excellent RF
properties with effective resistivity values of at least 3 kQ2.cm [11], and it is now
widely available for industrial scale production. Other more exotic approaches
improving substrate resistivity or isolation that have been proposed include the
use of silicon-on-insulator (SOI) [12], silicon-on-sapphire (SOS) [13], silicon-on-
anything (SOA) [14], porous silicon [15] and bulk micromachining [16]. HR-Si
substrate is fully compatible with Silicon-on-Insulator (SOI) technologies, and
high resistivity SOI (HR-SOI) wafer is nowadays presented as a mature and low
cost technology for high-performance mixed-mode integrated systems. However,
the main challenge in using HR-SOI, or as soon as an oxide layer is deposited
or grown on top of a HR-Si substrate, is to conserve the high-resistivity charac-
teristics of the substrate. Indeed, the fixed oxide charges (Q,z) at the SiO3/Si
interface attract free mobile carriers at the top surface of the Si creating a highly
conductive layer underneath the oxide, which degrades the effective resistivity of
the substrate. The reduction of the substrate effective resistivity will translate to
an increase of the coplanar wave-guide (CPW) transmission line RF losses and
an increase of the parasitic coupling (crosstalk) between devices and integrated
circuits lying on the same Si substrate [17]. Fortunately, such parasitic surface
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conduction (PSC) effect can be effectively overcome by introducing a high density
of traps near the insulating oxide. The traps capture the free carriers, thereby
enabling the substrate to recover its nominal resistivity value and stabilizing the
whole wafer surface. Several techniques can be used to introduce a trap-rich layer
at the Si03/Si interface, such as ion implantation [18], and the deposition of a
layer of amorphous silicon (a-Si) [19] or polycrystalline silicon (PolySi) [20] be-
tween the HR-Si handle substrate and the oxide layer. A comparison between the
different passivation techniques is given by Chao-Jung et al. in [21]. To assess the
substrate losses and coupling mechanisms, and how technological solutions can
improve the performance of RF, mixed-mode applications and SoC, an accurate
model of the substrate coupling, or crosstalk, mechanism becomes fundamental.
Such model must be based on physical understanding of current flow paths in
the silicon substrate. It should also cover the widest possible frequency range in
order to provide a useful tool for the diversity of applications that can be found
in current and future SoCs, from analog to digital, including MEMS and op-
toelectronic devices. Although the crosstalk dependence on substrate resistivity
and separation between devices was presented by Raskin et al. in [22], neither
the crosstalk behaviour below 100 MHz nor the impact of PSC and its reduction
by the introduction of trap-rich layer were studied.

In this chapter, we investigate over a wide frequency range, from 100 kHz to tens
of GHz, the substrate crosstalk in Si-based substrates, with focus on HR-Si sub-
strates, showing the PSC effect and its reduction using a trap-rich layer. To that
purpose we use finite-element numerical 2D-simulations from Atlas SILVACO
and measurements done on crosstalk test structures fabricated on different Si
substrates. The dependence of crosstalk on the Si resistivity, and on the distance
separating the noisy aggressor and the victim are then investigated. Simulations
and measurements to assess the impact of PSC on substrate crosstalk, and its
reduction using a high trap-rich polysilicon (PolySi) layer are presented after. An
equivalent lumped element electrical circuit, valid for frequencies starting from
100 kHz, is proposed before concluding.

2.1 SUBSTRATE COUPLING IN SI AND SOI-LIKE SUBSTRATES

Substrate coupling is the process whereby a parasitic current flow in the sub-
strate electrically couples devices in different parts of the circuit, or circuits in
different parts of the system due to the presence of conductive and capacitive
path in the silicon substrate [23]. As previously mentioned HR-SOI technology
has demonstrated its potentialities to reduce substate coupling effect for mixed-
signal high frequency applications. Reducing the coupling for SOI silicon sub-
strate is strongly dependent on semiconductor doping, fixed charges in the oxide
and the density of traps at the interface SiOs/Si. This corresponds to reducing
the effective substrate resistivity that leads to considerable substrate losses and,
thus, to excessive attenuation of integrated transmission lines [11, 19], reduced
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quality factors of on-chip inductors [10] and increase in crosstalk [20, 22].

At first, a qualitative analysis of the substrate electrical behaviour that corre-
sponds the charges distribution in the SOI substrate was investigated through
Atlas from SILVACO numerical simulation. The fundamental mechanisms of
carrier’s transport in a SOI capacitive structure are described using the most
popular C-V characteristics. The resistivity profile is also used to get more in-
sight about charges distribution and help to develop the correspondent equivalent
circuit model.

2.1.1 Silicon substrate characterization and parasitic surface conduction
(PSC) effect

The C-V MOS capacitor characteristics are well known in the literature to
analyze the semiconductor substrate and oxide properties. This device is the
favourable test structure for studying the substrate behaviour and mechanisms
that will affect the coupling through the substrate. The equivalent capacitance
per unit length is presented in Fig. 2.1, where the steady state of the carrier
distribution in the cross-section of a MOS capacitor for a p-type Si substrate
is shown. The quasi-static C-V characteristic of the MOS structure provides a
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Fig. 2.1: Cross section of a MOS p-type capacitor structure under (a) zero, (b)
negative, and (c) positive bias voltages [24].

better understanding of capacitance variation for different substrate properties.
We simulate the C-V curve of a MOS capacitor, shown in Fig. 2.2 (a), using
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Atlas software by SILVACO. It consists of a 145 nm-thick oxide and a 300
pm-thick Si substrate, using aluminium for the top and back electrodes (see
Fig. 2.2 (b)). As expected, the minimum capacitance value (Cp,;n) is higher
for the standard Si due to the larger depletion region in the case of HR-Si.
The introduction of a typical value of fixed oxide charges (Q,, = 10'tem™2)
produces an almost identical shift of the flat band voltage (Vpp), and a very
slightly reduction of C,,;, for both substrates resistivity. As the applied DC
voltage changes from -5 to 5 V, the MOS structure mode of operation changes
from accumulation to depletion and inversion. The MOS capacitance equivalent
circuit at low frequency depends on the carrier’s concentration at the SiOy/Si
interface. With no applied voltages on a p-type substrate, holes represent the
majority carriers in the valence band. For zero voltage (Vo = 0V) the presence
of fixed oxide charges in the oxide layer induces a weak inversion layer and
a small depletion zone. When a negative voltage is applied in between the
top metal and the semiconductor, more holes will accumulate at the interface
oxide-p-type silicon substrate. At a strong accumulation operation mode the
oxide capacitance value (C,;) is depicted. The value of the oxide fixed charges
density using the shift in the flat band voltage between the ideal simulated
curve with Q,; = 0 and when Q,, = 101 em=2.

When a positive voltage Vi p is slightly higher than Vrpg, the majority carriers
are driven away from the semiconductor-oxide interface, leaving it depleted from
holes. This area acts as a dielectric and the total capacitance value correspond
to the oxide capacitance in series with the depletion capacitance. As the voltage
increases, the depletion region moves away from the metal surface, increasing
the effective thickness of the dielectric between metal and the Si substrate,
thereby reducing the capacitance. The changes of the depletion capacitance Cy
versus the applied Vs voltage can be explained by the increase of the depletion
region depth (¢4).

As the front applied voltage increases beyond the flat-band voltage, minority
electrons carriers are attracted to the oxide/silicon interface. The electrons
at the interface create a weak inversion layer, because the minority carriers
density is lower than the initial doping substrate density (N4), and the surface
potential ¥, < 2 - ¢p. Keeping Vgp increasing over the flat band voltage,
the density of electron increases and the equivalent C; capacitance exceed the
depletion capacitance Cy, most available minority carriers are in the inversion
layer and further increase of the Vo do not further deplete the semiconductor.
The depletion region reaches a maximum depth and the total capacitance
corresponds to the series combination of oxide capacitance C,, and inversion
capacitance C;.

In all cases, a low resistivity layer appears at the SiO5/Si interface, separated by
a depletion zone from the nominal Si when inversion occurs. Such low-resistivity
layer depends on the quantity of fixed oxide charges, the nominal resistivity and



16 UWF RANGE CHARACTERIZATION AND MODELLING OF SUBSTRATE CROSSTALK ON TR HR-SI WAFERS

type of the Si substrate.
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Fig. 2.2: (a) Simulated C-V curves at 1 Hz for a standard (std) and high resis-
tivity (HR-Si : 5 k2-cm) p-type silicon substrate, with and without a trap-rich
layer, (b) Multilayer MOS structure

Oxidized HR-Si substrate is known to suffer from Parasitic surface conduc-
tion effect (PSC) and resistivity degradation near the insulating oxide [25, 26].
Indeed, the existence of fixed oxide charges (Q,;) within the Si02/Si interface
creates a non-homogeneous surface conduction layer all over the wafer by attract-
ing free carriers at the HR-Si surface, hence creating an inversion/accumulation
zone, reducing the effective resistivity, and increasing RF losses and substrate
crosstalk. To get more physical insight about the impact of PSC on the effective
resistivity of the silicon substrate, numerical simulations have been run to ex-
tract the resistivity profile along the semiconductor depth as shown in Fig.2.3.
The electrical resistivity is defined using electrons and holes concentration and
their corresponding mobilities, as given by the following relation (Eq. 2.1):

(2,) = —— = ! (2.1)
PRV = s y) ~ a0 @y) -ty @ y) + (@, y) - n (2,y) '

where ¢ is the charge of an electron, n and p, i, and p, the electron and hole
concentration and mobility, respectively.

Because of the metal-semiconductor work-function difference and the fixed oxide
charges the inversion layer right underneath the oxide drastically decreases the
resistivity of the substrate over a depth of approximately 3 um. Such parasitic
conduction effect can be efficiently reduced by introducing a high density of traps
near the insulating oxide as detailed in following section.
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Fig. 2.3: Simulated resistivity vs. substrate depth for p-type 5 kQ2.cm HR-Si
substrates, without (Q,, = 10*em™2, Dit = 0) and with a trap-rich layer
(Qor = 10" em ™2 and Dy = 101 Jem? /eV), at Vgp=0 V.

2.1.2 Crosstalk structure

The experimental crosstalk test structure consists of two identical metallic taps,
embedded in a coplanar structure for RF-probe measurements, which represent
respectively the noisy aggressor and the victim, as shown in Fig.2.4. The 1 pm-
thick aluminium (Al) crosstalk test structure lies on a substrate composed of a
145 nm-thick oxide, a 725 pm-thick silicon substrate of various resistivities and
a 0.5 um-thick Al back metallization. The rectangular metallic pad size is of 50
pm x 150 pm and they are spaced by 50 pm. Small-signal power transfer between
both pads (S2; scattering parameter) is measured on-wafer from 100 kHz up to
4 GHz using a Rohde-Schwarz ZVR vector network analyzer that presents an
extremely low noise floor level, lower than -130 dBm.

2.1.3 Influence of silicon substrate resistivity

The first set of measurements presented in Fig. 2.5 shows the isolation between
the two metallic pads on standard resistivity Si substrate (p = 20€2.cm) and high
resistivity Si substrate(p > 1 k Q.cm).

The use of SOI in combination with HR-Si considerably reduces substrate
crosstalk below 10 GHz, compared to standard SOI. Measured crosstalk char-
acteristic for a standard resistivity Si substrate of p = 20 Q.cm perfectly corre-
sponds to the analysis proposed in [22]. It presents two inflection points noted
f1 and fa, a 40 dB/dec slope at low frequencies (below f1) related to the 145
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Fig. 2.4: Cross section and layout of the crosstalk test structure.

nm oxide and a slope of 20 dB/dec at high frequencies (above f5) illustrating
the capacitive coupling. However, measurements performed on HR-Si substrate
below 10 MHz indicate that the S9; coupling parameter does not present a slope
of 40 dB/dec as theoretically predicted in [19] but a slope of about 20 dB/dec.
In order to understand this abnormal or at least unpredicted behaviour at low
frequencies, the crosstalk for a HR-Si substrate of p = 5 k{2.cm has been sim-
ulated with Atlas numerical software. As predicted by the lumped equivalent
circuit proposed in [22], simulations show a 40 dB/dec slope below f; in the case
of HR-Si substrate. However, when fixed charges (Q,.) at the oxide-substrate
interface are introduced, and thus the PSC effect is considered, the low frequency
slope of Sa; is indeed close to 20 dB/dec as shown in Fig. 2.6. This behaviour
cannot be modelled by the equivalent electrical circuit proposed in [22] as it will
be discussed after.

2.1.4 Influence of the distance between the noisy aggressor and the victim

Crosstalk structures composed of two metallic pads spaced by different distances
d have been measured and results are presented in Fig. 2.7. At a frequency of 10
MHz the crosstalk decreases from -60 dB to -70 dB when the spacing distance d
increases from 50 to 150 um. We observe a dependence of the crosstalk on spacing
as described in [22], i.e. increasing the distance between the sensitive and noisy
devices shifts downward the crosstalk characteristic. Similarly to Fig. 2.6, the
Sa1 parameter presents a slope of 20 dB/dec below f;. However, it is worth
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Fig. 2.5: Measured Sy parameters on Std (p = 20 Q.cm) and HR (p > 5 kQ2.cm)
Silicon and quartz substrates. In the case of the Si substrates, the metallic pads
and CPW feed lines are isolated from the substrate with a 145 nm-thick Si0O,
layer. The grey area extending from 100 kHz until 100 MHz highlights the fre-
quency band which was not experimentally studied in [22].

noting that the crosstalk level is unchanged for the 3 values of d for frequencies
lower than 300 kHz. This can be linked to the PSC effect, and more exactly to
the presence of the inversion layer underneath the oxide layer. The independence
of the substrate coupling with the distance has also been observed over a wide
frequency band from 10 MHz to 10 GHz in the case of heavily-doped buried
layer Bulk CMOS technology in [17]. Noise at low frequencies can have impact
on victims far away from the aggressor. This could be an important drawback for
SoC where low power digital circuits and MEMS actuators [9] operating at low
frequencies, tens and hundreds of kHz, share the same substrate than high-speed
memories, wireless and power handling circuit. Due to the substrate crosstalk at
low frequencies, some systems could not be integrated into the same chip, but
should have to be fabricated on a different substrate or chip, that corresponds
to a System-in-Package (SiP) approach, and with a consequently increase of the
cost per system.

2.2 SUBSTRATE TECHNOLOGY FOR CROSSTALK REDUCTION

A major problem for co-integration of analog front-end and digital baseband
processing circuits of communication systems onto the same chip is the switching
digital noise or unwanted signals that propagate through the common substrate
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Fig. 2.7: Measured crosstalk on HR-Si substrate as a function of the distance
between the two metallic pads.
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degrading the performance of the analog circuits [6]. This parasitic current flow
in the substrate electrically couples devices in different parts of the circuit or
parts of the system due to the presence of conductive and capacitive path in the
silicon substrate [23]. The three basic mechanisms governing substrate coupling
are injection mainly by the digital circuitry, propagation through the common
substrate and detection by the victim analog and RF devices as illustrated in Fig.
2.8. The injected signals are transmitted through the substrate by its equivalent
resistances and parallel capacitances.

Guard Ring

Noise coupling HR-Si substrate

Fig. 2.8: RF and digital circuit on the same chip, isolation techniques.

2.2.1 Substrate isolation techniques

The selection and implementation of the right isolation techniques on the sensi-
tivity circuitry, accounting for the frequency characteristics of each noise source,
becomes one of the key factors that allows silicon success for RF SoC applica-
tions.

A variety of techniques to decrease the effects of substrate noise have been pro-
posed and studied. These techniques include choices for the manufacturing tech-
nology, the substrate thickness and doping concentrations, the physical separa-
tion between noise aggressors and victims, the placement of substrate contacts,
guard rings, and deep N wells [27].

The simple way to deal with substrate coupling is to physically isolate the noise
source and victims by placing them furthest away from each other. The simplest
method is the distance isolation [3] as previously show in Fig. 2.7, where the
crosstalk is reduced by more than 10 dB when the distance increases from 50 to
150 pm.

The most popular and straightforward way to shield analog circuits and improve
device isolation is the use of grounded guard rings that surround the sensitive
active devices. Guard rings are passive isolation structures which prevent sub-
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strate noise currents reaching the analog circuitry [28] as shown in Fig. 2.8. This
is due to that a guard band works as a low impedance path to ground. The
effectiveness of this technique depends on the width of the guard ring, substrate
resistivity, and the inductance between the guard ring and ground. In general,
the isolation improves with increasing spacing, guard ring width, and substrate
resistivity.

A further improvement in isolation can be achieved through the use of a deep
low-resistivity n-well placed underneath the circuit block and connected to the
AC ground, it acts as an effective shield to signal injected from nearby sources
[29]. Another method is to increase the resistivity of a silicon substrate [30],
thereby attenuating signals that leak from digital circuits through the substrate.
Various new schemes have been explored to suppress substrate noise coupling
between circuit elements, such as a bulk micromachining process used to create
localized region on a silicon wafer where the silicon substrate is locally thinned
from the backside using anisotropic etching and coated with an Al metal back-
side ground plane [31]. In [32] a porous silicon (PSi) trench was used to provide
RF isolation between circuits. Another approach comes with the emerging SOI
technologies for mixed-signal and RF applications [33]. The buried oxide layer in
SOI offers superior DC/low frequency isolation in conjunction with more com-
pact integration of active devices. At high frequencies, however, signal isolation
in SOI is known to vanish [22] as the buried oxide becomes capacitively trans-
parent to RF/microwave signals. Although, SOI technology open the way to use
high resistivity substrates, it was mentioned that oxidized HR-Si wafer resis-
tivity decreases and then the handle wafer loses its high resistivity properties.
Different passivation techniques were proposed in literature to improve oxidized
HR-Si RF performance by introducing a high density of traps. Next section will
investigate polysilicon passivation technique to allow recovering nominal high
resistivity properties of the wafer.

2.2.2 Introduction of a trap-rich layer at the Si02 /St interface

The highly conductive thin layer (PSC) at the SiO3/Si which originates
from the positive fixed charges inside the oxide layer or the biasing of the
interconnection lines strongly degrades the substrate crosstalk characteristics
over a wide frequency band. This issue can be overcome by introducing a
trap-rich layer between the oxide and the HR-Si substrate which captures the
free carriers and locally depletes the HR-Si substrate [24].

The presence of a high density of traps is modelled in two different ways. A
first approach considers the introduction of a high enough density of traps (D;;)
at the Si0Oy/Si interface to overcome the PSC effect. These interface defect
traps defined at discrete energy levels within the bandgap of the Si substrate
exchange charge with the conduction and valence bands through the emissions
and recombination of electrons. Two types of trap have been defined: donor-like
traps below the semiconductor neutrality Fermi level and acceptor-like traps
above the Fermi level. A donor-like trap is positively charged and therefore
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can only capture an electron whereas acceptor-like trap is negatively charged
and therefore may only emit electron. Simulated parameters for interface defect
traps used in Atlas [34] for better qualitative description of carriers trapping to
overcome the effect parasitic surface conduction effect are summarized in table
2.1

Parameters Description Values Units
Donor Donor-type trap level
Acceptor Acceptor-type trap level
DEGEN.FAC Degeneracy factor of the trap level used to calculate 2
the density
Density Maximum density of states of the trap level 10" cm?

Energy of the discrete trap level. It is equal to the
energy distance between conductances band and

E.Level . 0.1,0.2,0.3 ev
trap level for acceptor trap, and to energy distance
between trap level and valence band for donor trap.
SIGN Capture cross section of the trap level for electrons 2.84x10™ cm?
SIGP Capture cross section of the trap level for holes 2.85x10% cm?

Table 2.1.: Interface defect traps parameters used in Atlas Simulations

The second approach consists in placing a thin polysilicon layer of 300 nm-
thick just underneath the SiO5 layer. The high density of grain boundaries in the
polysilicon layer provides a large number of surface and volumetric traps. The
total density of states DoS gg within the defined polysilicon is composed by the
sum of two exponential tails distribution near the conduction (acceptor-like) and
valence (donor-like) bands and two deep levels with Gaussian distribution (one
acceptor-like and the other donor-like) [34]. The expression of the total energy
distribution is given by:

E-FE E,-F
E)=NTA —= NTD L
g(E) exp( TA)+ exp(WTD>

EGA—-FE\”®
NGA | ———
+ exp ( ( WGA ) ) (2.2)
E — EGD\’
NGD — | —
+ exp ( ( WGD > ) ,
where F represents the trap energy, E. is the conduction band energy, F, is
the valence band energy and the subscripts (7', G,A, D) stand for tail, Gaussian
(deep level), acceptor and donor states, respectively.
To favour the trap mechanism, the defects distribution in the Si band-gap was
mainly considered to be a tail distribution rather than a Gaussian distribution.

Typical polysilicon parameters that provide better qualitative description are
summarized in table 2.2.
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Parameters Description Values Units
mun Electrons mobility 300 cm?/Vs
mup Holes mobility 30 cm?/Vs

Density of acceptor-like states in the tail distribution

21 -3
NTA at the conduction band edge. 10 cm”/eV
NTD Density of donor-like states in the tail distribution at 107 cm?/ev
the valence band edge
WTA Characteristic decay energ\{ for the tail distribution 0.033 oV
of acceptor-like states
WTD Characteristic decay energy for the tail distribution 0.049 eV
of donor-like states
NGA Total density of acce‘pt(?r—hkle states in a Gaussian 15% 10V om?
distribution
NGD Total density of do_r10r_—||k§ states in a Gaussian 1.5% 10" om?®
distribution
Energy that corresponds to the Gaussian distribution
EGA peak for acceptor-like states. This energy is 0.62 eV

measured from the conduction band edge
Energy that corresponds to the Gaussian distribution
EGD peak for donor-like states. This energy is measured 0.78 eV

from the valence band edge.
characteristic decay energy for a Gaussian
distribution of acceptor-like states

characteristic decay energy for a Gaussian

distribution of donor-like states

WGA 0.15 eV

WGD 0.15 eV

Table 2.2.: Polysilicon parameters used in Atlas Simulations

The simulated C-V characteristics in Fig.2.2 for both standard and high-
resistivity resistivity values show the effect of the traps which strongly increases
the semiconductor capacitance in series with the BOX capacitance, hence the
total MOS capacitance tends to the BOX capacitance over the entire bias range.
The simulated resistivity profile below one of the metallic pads of the crosstalk
structure, biased at zero DC voltage (Vgp= 0V), is shown in Fig. 2.3. We observe
that, in both cases, the high resistivity value is recovered at the top surface of the
substrate and a buried depletion region is created before reaching the nominal
resistivity of the HR-Si substrate, i.e. 5 k{2.cm for the simulated case, at a depth
larger than 10 pm.

Fig. 2.9 shows the simulated crosstalk response between both metallic pads for
an oxidized HR-Si with and without the introduction of a 300 nm-thick PolySi
layer, acting as a trap-rich layer, at the SiO2/Si substrate interface. These results
clearly show the efficiency of the PolySi layer to minimize the noise coupling. We
observe a reduction of more than 20 and 35 dB at, respectively, 100 kHz and
10 MHz. Basically, thanks to the PolySi layer the intrinsic high resistivity prop-
erties of the HR-Si are recovered, i.e. the impact of Q,, and thus PSC is can-
celled out. This tremendous improvement is also experimentally demonstrated in
Fig.2.10 with the introduction of a 300 nm-thick undoped PolySi layer. Actually,
the trap-rich HR-Si substrate behaves as a lossless substrate (purely capacitive
coupling) over nearly the whole measurement frequency range. Indeed, S21 pa-
rameter shows a 20 dB/dec dependence over the whole frequency band above
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1 MHz, similar to the quartz substrate. It is worth noting that the 40 dB/dec
slope of S2; parameter below f1, theoretically predicted in [22], is recovered for
HR-Si substrate (Figs. 2.4 and 2.6) thanks to the introduction of a trap rich layer
underneath the oxide. Besides, the introduction of a trap-rich layer provides a
better isolation than guard ring or metal Faraday cages [17].

20 dB/dec
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Fig. 2.9: Simulated crosstalk on HR-Si substrate without and with @Q,; and in
presence of a trap-rich polysilicon layer of 300 nm-thick for a pads distance d =
50 pm.

2.2.3 Polysilicon (PSi) layer thickness

To provide a high density of traps between the Si substrate and the oxide, we
deposited a layer of polycristalline silicon (PolySi) by means of a low pressure
chemical vapour deposition (LPCVD) at 625°C at 1.08 mTor. The resulting
wafer followed a PECVD oxidation to obtain the desired 3000 nm-thick SiO2
on top of the PolySi layer. The high density of traps are formed at the grain
boundaries, thus the uniformity of grain size and its typical columnar grain
microstructure [11] determine the efficiency of the deposited trap-rich layer to
reduce the PSC effect. The numerous traps created by silicon dangling bonds in
PolySi are able to absorb the free carriers attracted at the SiOy/Si interface and
greatly reduce substrate losses. Fig. 2.11 displays the crosstalk response between
both metallic pads for deposited PolySi layers ranging from 76 up to 435 nm.
The direct relationship between the crosstalk reduction and the PolySi thickness
is clearly observed. A thickness of 435 nm is needed to approach the crosstalk
behaviour of a lossless Si substrate. The critical thickness to get rid of the PSC
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effect will depend on the PolySi grain size as experimentally demonstrated in
[11]. PolySi layer characterized by small grains, such as crystallized amorphous
silicon [11], provides an efficient trap-rich layer already for a thickness of 280
nm.

-20

100
—— HRSSi

o0 —O— HR-Si + PSi
-140 - PP R i P
100k ™ 10M 100M 1G

Frequency (Hz)

Fig. 2.10: Measured S2; response on quartz and HR-Si substrates with and
without 300 nm-thick polysilicon layer.

2.3 CROSSTALK MODELLING

With a high level of integration in system-on-chip applications, it is mandatory
to incorporate substrate coupling into the compact models in order to properly
simulate the wideband electrical behaviour of integrated circuits. Moreover, the
development of a lumped elements equivalent circuit for substrate crosstalk pro-
vides a precious tool to deeper understand the physical coupling mechanisms
and to predict the efficiency of various crosstalk reduction techniques. A new
lumped elements equivalent circuit is proposed hereafter to describe the PSC ef-
fect and its reduction by the introduction of a trap-rich PolySi layer. Simulations
using this model over a wide frequency band are compared with measurements
to validate the approach.

2.3.1 Equivalent circuit including PSC effect

As shown in Fig. 2.6, a typical crosstalk versus frequency curve is subdivided
into three regions separated by two characteristic frequencies, f; and fo. The fre-
quency at which the capacitance starts to play a role is the transition frequency,
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Fig. 2.11: Dependence of crosstalk on the polysilicon layer thickness for a HR-Si
substrate (d= 50 pum).

which is also determined by the resistivity that depends on the doping level.
At low frequencies the oxide capacitance dominates and the first region defined
by the transition frequency f; is characterized by a 40 dB slope without the ef-
fect of the parasitic surface conduction effect as in [22] and by 20 dB slope when
it is included. At medium frequencies, a conductive layer is defined by the two
transition frequencies f; and fs which are defined respectively by the substrate
resistance Rg;o between the top and bottom of the substrate and the Rg;; which
define the conductive coupling between the two metallic pads as shown in the
equivalent lumped circuit in Fig. 2.12 similarly to the model presented in [22].
The increase of the oxide thickness reduces the low frequency coupling as it was
previously investigated in [35] that is why the SOI CMOS technology is a viable
solution compare to bulk CMOS technology from the substrate crosstalk point
of view.

When including the PSC effect the lumped elements equivalent circuit mod-
elling the coupling between two metallic pads of same size lying on an oxidized
HR-Si substrate is shown in Fig. 2.13. The capacitances noted C; represent the
coupling between the metallic pads and the Si0O5/Si substrate interface, Ra, Co,
the resistive and capacitive coupling between each pad and the wafer backside
metallization, and R3, C3 the resistive and capacitive coupling path between
both metallic pads through the silicon substrate. The analytical expressions of
those lumped elements are given hereafter.

Eo.an:.Apad

C1 = K. (2.3)

t0$
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Fig. 2.12: Equivalent lumped elements of substrate crosstalk on oxidized high
resistivity Si substrate.

where €9, €0z, tor and Apqq, are, respectively, the absolute permittivity (vac-
uum), oxide relative permittivity, the thickness of the oxide layer, the area of
the metallic pad, and K; is a fringing factor accounting for the fringing field
effects. For identical pads with an area of A,,q = W x L= 50 pm x 150 pm, the
expressions of Ry and Cs derived from [22], are given by:

0si. A -t
Ry = [KQSW] (2.4)
tsi
£5i-Apa
Cy = K2.€0557Pd (2.5)

tsi
The rectangular pads presents equal width W = 50 pm and located at a spacing
distance d= 100 pum. The capacitance C3 and resistance Rz between the two are
calculated using the following expressions [22, 36]:, ,

-1
g54.T
Ry = | Kj. W (2.6)
’ T n[HEW) ) ]
m.€0.(€gi + 1
O3 = K. ‘jr((dfw) ) _w (2.7)
4in[=57" + 1]

where €g;, 0g;, and tg; are, respectively, the relative permittivity, the con-
ductivity and the thickness of silicon substrate. t is the thickness of the metallic
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conductor (t4;= 1 pm, ), and Ky and K3 are the fringing factor coefficients and
their expressions are given in [22].

In order to introduce the impact of PSC, the formed highly conductive layer
is modelled by the inversion resistance R;,, (Eq. 2.8) [37] underneath which
there is a depletion region that can be described by its depletion capacitance
Cq ( Eq. 2.9) where X4 mqs is the maximum depletion depth expressed by Eq.
2.10. Where pine, tiny, d, Na, n; et K are the resistivity and thickness of the
inversion layer, the spacing distance between each metallic pad, the acceptors
concentration, the intrinsic carrier density and a fringing factor, respectively.

pinv~d
Ripy =K. — 2.8
W x tin'u ( )
Cy= K. 22550 A (2.9)
d,mazx
4.69.€9;.0n(X4)
Xamazr = \| ————— 2.10
a, q2.NA ( )
2

Rinv

r—4 ="
| | I |
Ci==1 ==C, C,==i==Cy
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Fig. 2.13: Lumped element electrical equivalent circuit for substrate crosstalk
modelling considering the presence the PSC effect (R;,,) and trap-rich layer
(Cit). The values introduced in the PSC lumped model are: C1 = 1.4 pF, Cd =
80 fF, Rinv = 0.09 M, R3 = 0.6 M2, C3 = 9.6 fF, R2 = 5 M), C2 = 1.04 {F,
and for the PSi lumped model: C1 = 1.4 pF, Cd = 4 {F, Cit = 18 {F, Rinv =
17 MQ, R3 = 0.6 M2, C3 = 30 fF, R2 = 5 M, C2 = 1.04 fF.
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The previous analytical expressions have been used to set initial parameters of
the model presented in Fig. 2.13, then the equivalent circuit elements were fitted
using ADS software to the measurement results. Based on the equivalent circuit
in Fig. 2.13 a quite good agreement was achieved between the measured and
simulated data over the entire frequency band as shown in Fig. 2.14. The PSC
effect at the SiOy/Si interface is well described using the lumped elements R,
and Cy, and a typical 20 dB/dec slope is simulated at low frequency for a HR-Si
substrate, in agreement with the measurements, contrary to the 40 dB/dec pre-
dicted in [22]. It is worth to notice that for d larger than a few hundreds of pm
distributed effects into the substrate might impact the crosstalk behaviour over
the frequency range. In that case, several lumped elements equivalent circuits
must be cascaded to model the propagation of the coupling signal into the sub-
strate. Atlas numerical models take into account those distributed effects along
the coupling path in the Si substrate.

40 ...._.::.::.j_._...:._..:. ...'_... R

—@— HR-Si (Measurement)

-100
_ y AR HR-Si (PSC lumped model)
Lt L —HR-5i 4 PSi (Measurement)
~ Lo . i O HR-5i + PSi (PSi lumped model)
= Hisieies | == == = Capacitive lumped model
-140 R e
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Frequency (Hz)

Fig. 2.14: Measured and modelled crosstalk in HR-Si substrate without and with
300 nm-thick polysilicon layer.

2.3.2 Equivalent circuit including a trap-rich layer

The introduction of a trap-rich layer below the oxide has a double effect on the
crosstalk equivalent circuit: (1) the increase of the R;,, value because of the
drastic carrier mobility reduction caused by the trapping mechanisms, and (2)
the presence of a parallel capacitance C;; (Eq. 2.11) with Cy whose value depends
on the trap density of the PolySi layer. The depletion layer depth increases on
trap-rich oxidized HR-Si wafer as depicted from the resistivity profile vs. sub-
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strate depth in Fig. 2.3, which explain Cy low value. When considering a large
value for R;,, and Cj in the equivalent circuit of Fig. 2.13 (the fitting values
are given in the caption of the figure), a typical 20 dB/dec slope crosstalk char-
acteristic can be obtained over the whole frequency band which is in agreement
with the measurements. Again, this simple lumped element model demonstrates
that minimum crosstalk coupling can be reached over a wide frequency band by
the introduction of a trap-rich layer in the case of HR-Si substrate. This is in
agreement with the Atlas simulations presented in Section 2.1.1 and Fig. 2.3.
Finally, thanks to the introduction of a trap-rich layer, the crosstalk behaviour
of a HR-Si substrate can be modelled by a simple capacitive model as presented
in Fig. 2.15. This purely capacitive model fits very well with measurements in
Fig. 2.14 for frequencies higher than 1 MHz.

Cit = K-q~Dit-Apad (211)

where q the electron charge, D;; the interface traps density extracted from Atlas
simulations as previously defined in Section 2.1.1: Dy = 101 /em?/eV, K is a
filling factor.

T T

1.

Fig. 2.15: Purely capacitive crosstalk model for the trap-rich HR-Si substrate.
The values introduced in the capacitive lumped model are: C; = 1.4 pF, Cy =
4 fF, Cyy = 18 fF, C3 = 30 {F, Cy = 1.04 {F.

2.4 CONCLUSION

In this chapter based on the electrical properties of HR-Si substrates, the
crosstalk on Si (and HR-Si) substrates over a wide frequency band has been
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analyzed. A standard C(V) characteristics for a simple MOS structure was used
to analyse the charge distribution over the oxidized Si substrate. The simulated
resistivity profile demonstrate the effect of the highly conductive inversion layer
of several microns at the substrate surface. Such parasitic surface effect degrades
the high resistivity properties of the handle wafer and increases the coupling
through the common substrate.

A lumped element equivalent circuit model from 100 kHz up to several GHz,
based on the physical understanding of substrate crosstalk, has been proposed
and compared with measurements and numerical simulations. It includes the
impact of PSC effect and its reduction thanks to the introduction of trap-rich
layer at the oxide-Si substrate interface. It has been proved that the discrepancy
between measurements and previous crosstalk models [22] for Si and HR-Si sub-
strates at low frequencies, is due to the presence of a highly conductive layer
(PSC) at the Si surface.

The introduction of a trap-rich layer of PolySi has been successfully simulated
and compared with crosstalk measurements. It has been proved to be an effi-
cient solution to drastically reduce the crosstalk at frequencies below 10 GHz,
to fully leverage the excellent properties of the HR-Si (or HR-SOI) for low loss
RF, mixed mode and SoC applications. Thanks to this trap-rich PolySi layer, a
purely capacitive lumped equivalent circuit properly describes the quasi-lossless
HR-Si substrate. This simple capacitive model can be used by RF designers to
build RF, analog and digital devices lying on a PolySi trap-rich HR-Si substrate.
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CHAPTER 3

CPW RF SWITCH AND OPTICAL
CROSSTALK ON TRAP-RICH HR-SI
SUBSTRATES

HE growing interest in optical control of microwave and millimeter-wave de-
T vices and systems was driven by the need of the heterogeneous integrations
of digital, analog/RF cicruits, RF MEMS structures and optically controlled
devices on the same chip [1]. The term ”optical control of microwaves” describes
such a mechanism where an incident optical signal alters the performance
characteristics of a microwave device. One of the means of achieving this is
through photo-conductivity. The photo-conductive effect within the semicon-
ductor substrate is the origin of all optically controlled microwave components.
Incident optical energy is absorbed in a semiconductor material within a
microwave device, thus generating electrical carriers that alters the state of
the microwave device. The electron-hole pairs generated in the semiconductor
material locally modify the substrate conductivity which leads to a significant
change in the propagation of microwave signal. Si-based photonics has gotten
considerable expansion and development, and various microwave devices using
the photo-conductivity effect have been developed which include photo-induced
switches [2], phase shifters, attenuators [3], reconfigurable antenna [4] and
optically controlled millimeter-wave filters [5]. In addition to the possibility
of co-integration, optical control of microwave circuit has attracted interest
largely because of its unique advantages such as fast response, immunity to
electromagnetic interferences, high power handling, good isolation between
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controlling and controlled devices.

However, due to the inherent optoelectronic properties of semiconductor sub-
strate, the photo-induced carriers are not restricted to the illuminated zone but
spread laterally through a large area [6]. Such lateral diffusion of photogenerated
carriers can drastically influence the behaviour of neighbour devices and inter-
connections due to optical crosstalk. In the previous chapter, electromagnetic
crosstalk has been investigated over a wide frequency band. Similar to the
electrical coupling, optical crosstalk is a critical issue for co-integration of
optical controlled devices, digital, analog and RF circuits on the same chip. The
reduction of the small-signal electrical crosstalk has been demonstrated with
the high resistivity (HR) Silicon-on-Insulator (SOI) technology [7]. However,
the RF losses associated with the free carrier accumulation or inversion at the
Si04/Si interface (parasitic surface conduction) degrade the RF properties of
the substrate [8] and lead to the generation of harmonics [9], [10]. It has been
shown that those surface parasitic effects can be overcome by using a trap-rich
polysilicon layer [8], amorphous silicon layer [11], amorphous silicon followed
by Si-crystallization at 900°C) with rapid thermal annealing (RTA) [12], or
by damaging the silicon interface through ion implantation [13]. The trap-rich
passivation layer was proven as an efficient technological solution to recover the
HR properties of the HR-Si substrate, and to reduce the harmonic distortion
originated from the substrate [9], [10], RF losses and electrical crosstalk over a
wide frequency range [14].

This chapter aims at covering the efficiency of a polysilicon trap-rich layer to
restrict the photo-induced plasma in the active area of the optically modulated
coplanar wave-guide (CPW) RF switch and thus drastically reduce the optical
crosstalk between other RF switches and CPW interconnection lines lying on
the same HR-Si substrate. Following this, we detail CPW optically controlled
RF switch operation, photoconductivity profile using theoretical expressions.
Efficiency of the optically controlled switch on high resistivity silicon (HR-Si)
substrate is then investigated. The lateral diffusion of photogenerated carriers is
simulated and measured on HR-Si wafer. A proposed new design for the CPW
RF switch is investigated to show the efficiency of the trap-rich passivation layer
by reducing the lateral diffusion, while keeping the switching efficieny of the
optically controlled device.

3.1 CPW OPTICALLY CONTROLLED RF SWITCH

Research on Si-based optoelectronic devices is stimulated by several develop-
ments such as emergence of silicon-on-insulator (SOI) as platform for both pho-
tonic integrated circuits and mixed-signal integrated circuits on CMOS technol-
ogy [15]. Excellent optical properties as well as true compatibility with CMOS
integrated circuit technology is highly promising for future low-cost optically con-
trolled and photonic integrated circuits. Actually, it is widely established nowa-



CPW OPTICALLY CONTROLLED RF SWITCH 39

days that SOI technologies are the best candidates for low-power low-voltage
mixed signal integration for RF applications [16]. Besides, SOI substrates provide
a strong reduction of RF losses and electromagnetic coupling for mixed-signal
integration [7]. The great maturity of silicon processing can be applied in many
respect to SOI based optically controlled and photonic integrated circuits with
very low cost and high level of integration, which certainly enhance heteroge-
neous integration for RF SoC applications.

The interest in microwave components with tunable switching behaviour has
been increasing over the past years. Multi-mode communication applications
have become popular and more demanding. The RF front end needs either a
multiband or a wideband tunable RF/ microwave devices such as antennas to
cover multi-standard operations, tunable power amplifiers to adjust output power
in some wireless systems, tunable filters, phase-shifters, oscillator, and so on. A
wide range of solutions have been proposed in the literature to provide tunabil-
ity of RF devices and circuits. Some of them include PIN diodes [17], varactor
diodes, or MEMS switches [18]. The main disadvantage of these approaches is the
need of specific control voltage lines to tune electro-statically the RF behaviour
of the device. It imposes the design of specific voltage control circuitry and the
presence of electrical bias lines which may affect the integrity of the RF signal.
Another known way to make tunable RF components is by using optoelectronic
techniques. Optical control of the various components commonly used in antenna
T/R modules such as attenuators [19, 20], tunable filters, switches [21], phase
shifters [22] and reconfigurable antenna [4] has been demonstrated.

Several different methods are being used for the optical control of microwave cir-
cuits and antennas. They can be broadly classified as direct and indirect control
schemes. Some Direct optical control schemes rely on illumination of bulk semi-
conductor substrates while others involve illumination of semiconductor junction
devices such as PIN diodes, FETs and Bipolar transistors. Indirect optical con-
trol involves the illumination of a dedicated optical detector that converts the
optical control signal into a suitable electrical form, and controls the performance
of microwave device.

Photo-conductive switches, where the control of the tunable parameter is done
via an off-chip light source that illuminates a defined area, appear as the best
alternative to avoid additional circuitry and, in some cases, applied high-voltage
values. Moreover, it allows almost perfect thermal and electromagnetic isola-
tion, as well as high-speed modulation. The concept of exploiting optically in-
duced losses in semiconductor substrate to monitor the signal attenuation along
a CPW line was firstly reported by Platte in [23]. Saddow and Lee [24] presented
measurements of a CPW photoconductive switch fabricated on GaAs substrate
showing up to 45 dB of microwave isolation at 1.7 GHz using 143 mW of laser
diode power. More recently, a heterostructure light activated microwave photo-
conductive switch [25] on GaAs substrate combined with a vertical-cavity surface
emitting laser by flip-chip bonding technology reported 25 dB insertion loss value
at 1 GHz. Canseliet et al. [26] designed an optically controlled microwave switch
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on silicon substrate which shows an insertion loss of 15 dB at 20 GHz. Table 3.1
summarizes different microwave switches used for reconfigurable applications.

Ref. Freq. | Insertion loss S2; (dB) Power
(GHz) (mW)
\ Single PIN diode [17] 56 | 20 - \
| MEMS RF switches [18] 2 | 23 - |
| Heterostructure photoconductive switch [25] 1 | 25 - |
| Photoconductive switch [4] 12 | 15 200 |
| Optically controlled switch [26] 20 | 15 9 |
| CPW photonductive switch [24] L7 45 143 |

This work on HR-Si 2 18.5 65

20 50 65

This work on HR-Si + PolySi (window) 2 11 65

20 25 65

Table 3.1.: Microwave switches used in RF reconfigurable applications

3.1.1 Photo-induced carriers distribution

As the name suggests, photo-conductivity strictly refers to the increase in elec-
trical conductivity of a photoconductive material in response to incident light.
The fundamental physical mechanism arising in the optical microwave switch is
the photo-generation (electron-hole plasma) within the illuminated semiconduc-
tor region when the photon energy is equal or greater than the semiconductor
band gap energy. The photo-generated carriers create a highly conductive region
at the substrate surface. The basic structure of a CW-mode optically controlled
CPW RF switch lying on HR-Si substrate is shown in Fig. 3.1 (a). The charge
carriers in the bulk region of the HR-Si film increase the electrical conductivity
leading to a smaller shunt resistance as shown in Fig. 3.1(b). Platte in [27] gives a
theoretical distribution profile of such photoconductivity process. The basic sit-
uation of the optical control of photo-conductivity in optical microwave switches
devices illustrates the incident laser radiation which produces an exponential
decay of the photo-conductivity according to:

Ac(y) =Aos-e™ Y 0<y< oo (3.1)

where y is the direction perpendicular to the substrate surface, Ao, the surface
photo-conductivity at y=0, and « the absorption coefficient or the inverse of the
penetration depth which depends on the light wavelength and the semiconductor
band-gap energy. For a trap-less material with negligible surface recombination,
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Fig. 3.1: Photo-induced CPW RF switch structure.

the peak value of Ao, can be expressed by:

Aoszh-qco (,un—i—,up)(l—R)S-a-)\o.Tg (3.2)
where ¢ is the electronic charge, h the Planck’s constant, ¢y the velocity of
light in vacuum, p, and p, are the electron and hole mobilities, respectively,
R the surface reflectivity, S the relative spectral response of the semiconductor
material exhibiting a peak response at Ay, 7 the excess carrier lifetime, P the
incident peak power and A the illuminated area.
Using a CW-laser irradiance across the irradiated window with a width W = 400
pm and a uniform transversal photoconductivity Ac(y) = Aopmers = constant
=10 (Q.cm)™! extracted from Atlas simulations at the maximum illumination
power intensity (90 mW), the lateral diffusion-controlled profile of photoconduc-
tivity Ao(z) [27], [28] is approximately given by:

Ao (z) = Aomesy {1 — ¢ Tacosh <i)} W <z < w (3.3)
L, 2 2
w - -Ww
= ) — La — <r< — .
Ao (z) = Aopefysinh (2La> e o< (3.4)
Ac(x) = AGmegpssinh (%) e Ta % ST <0 (3.5)

L= \/ (2mmnpin ) o+ 1) (3.6)

where L, is the ambipolar diffusion length assumed to be independent of
excess carrier density, kp is Blotzmann’s constant and T is the absolute tem-
perature. It is seen from Fig. 3.2 that lateral carrier diffusion into the shaded
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semiconductor regions at the ends of the illuminated zone causes an increase
the optical crosstalk. Photo-generated carriers in HR-Si substrate with an ex-
cess carrier lifetime 7 = 10~%s [28] spread over a large area of the CPW optical
switch (several hundreds of microns). Lateral carrier diffusion mechanism causes
a high optical crosstalk photo-generation rate. The lateral carriers distribution
is mainly controlled by diffusion and is depending on the spot size of the illu-
mination and the ambipolar diffusion length. The ambipolar diffusion length is
coupled to the carrier lifetime as in Eq. 3.6. The decrease of the lifetime reduces
the diffusion length, and implies a decrease of the excess carrier concentration.
This can only be compensated when the generation of excess carriers is increased
by illuminating the substrate with a higher optical intensity [29]. To reduce such
lateral carriers diffusion we may need to limit the substrate illuminated surface
so as to have a higher photoconductivity in a restricted zone and reduced lateral
diffusion otherwise. Optical isolation can be achieved by decreasing the lifetime
7 to values lower than 10~%s [30], [31]. For the shortest life time, the electron
concentration nearly equals the doping concentration, which means that the pho-
togenerated carriers are immediately recombined when generated. The alteration
of the excess carrier lifetime can be achieved with the introduction of traps and
recombination centers in the region where carriers are photo-generated.

3.1.2 Numerical simulations of CPW optical RF switch on HR-Si substrate

2D Atlas SILVACO is a physically based semiconductor device simulator that
predicts the electrical behaviour associated with the physical structure under
specified biased and illumination conditions. ATLAS achieves this through par-
titioning the specified device into a two or three-dimensional mesh grid. ATLAS
then applies a set of differential equations, based on Maxwell’s Laws, to the
mesh to simulate the transport of carriers through the structure [32]. Accurate
high frequency small-signal Atlas simulations of the coplanar optically controlled
structures were investigated. A CPW line with 56 pm for the central conductor,
36 pm for the slots width and 208 pm for the coplanar ground planes is simulated
on top of a 4 kQ-cm high resistivity silicon substrate. The photo-induced plasma
volume is simulated under different optical power intensities, using a continu-
ous wave mode laser at a wavelength of 671 nm. The spot laser is positioned
100 pm above the CPW structure with an open window diameter of 400 pm.
A maximum optical power of 90 mW is considered with a uniform beam distri-
bution. Figs. 3.3 (a) and 3.3 (b) shows the simulated insertion loss (S21) and
reflection coefficient (S11) of the CPW switch under various illuminations. The
photo-induced switch performance increases with the light power, reaching 18
dB and 48 dB at 2 and 20 GHz, respectively, under 90 mW optical power. The
optically generated carriers within the bulk region of the HR-Si film decrease the
high dark-resistivity (Off-state) of the semiconductor causing a transition to the
“on-state” of the device.
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Fig. 3.2: Longitudinal diffusion profile of photoconductivity Ao (x) (using Eq.
3.3, 3.4 and 3.5 on HR-Si substrate (4 kQ-cm), , +p,= 1,870 cm?/Vs, and T=
300 K.

3.1.3 CPW RF switch characterization

3.1.3.1 Measurements setup

On-wafer S-parameter measurements were performed with an Anritsu 37269D
VNA using SiissT™ 150 um |Z| GSG on-wafer RF probes over the frequency
range from 40 MHz to 25.5 GHz. A dedicated on-wafer short-open-line-thru
(SOLT) calibration technique is used to remove parasitic components such as
cables, connectors and other systematic errors. The calibration process aims
at moving the measurement reference plane at the VNA to tips of the RF
probes. A TRL (thru-Reflect-Line) deembedding technique is then used to re-
move unwanted parasitics introduced from the CPW RF pads and get the real
S-parameters of the DUT. A 8,000 um-long CPW transmission line was illumi-
nated with a continuous wave mode laser diode at a wavelength of 671 nm. The
output laser light was coupled into a 2 m—long and 450 pm-diameter plastic opti-
cal fiber, and the fiber was positioned with a probe-holder above both CPW slots
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Fig. 3.3: Simulated photo-induced CPW shunt RF switch: (a) insertion loss and
(b) reflection coefficient on HR-Si substrate under different illumination power
levels.

as illustrated from the schematic of the measurement set-up in Fig. 3.4. When
neglecting the light diffraction at the end of the fiber and taking into account
the uniform distribution of the beam, the spot size attained was in the order of
400 x 400 pgm. The illumination intensity is proportional to the applied output
power, with a maximum of 90 mW.

The dimensions of the CPW line are the same as in the case of Atlas simula-
tion. HR-Si substrate is used since it has been demonstrated to be an excellent
substrate for the CW-mode optically controlled microwave devices with its low
loss properties and its long carrier lifetime [33]. The 1 pm-thick metallic lines
are isolated from the HR-Si substrate by a grown thermal oxide of 50 nm.

3.1.3.2 CPW line and substrate characterization

The characterization of CPW RF switch structure was done by measuring its
S-parameters as previously mentioned. The scattering parameters allow to ex-
tract the reflection and insertion loss coefficients. Moreover, using solution of
wave propagation equations and a transmission line lumped-element equivalent
circuit illustrated in Fig. 3.5, electrical properties of the CPW structure and
the handle substrate could be extracted. The values of L, C, R and G in the
model are inductance per unit length, capacitance per unit length, resistance
per unit length and conductance per unit length, respectively. The series induc-
tance represents the self-inductance of the central conductor, C represents the
shunt capacitance between conductors, R represents the conductor resistance
and G represents the dielectric leakage resistance.

The differential telegraph equations [34] can be solved simultaneously giving
the wave solution exponential form as follow:
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V(2) = Vipe 7 + Voe 7%, (3.7)
I(Z) = ine_’yz + Ioute_vz s (38)

In the above equations the parameter with v define the complex propagation
constant given by:

v=a+j8=(R+jwL)(G + juC) , (3.9)

where « is the attenuation constant, and 3 is the phase constant.

From Egs. 3.7 and 3.8 the characteristic impedance of the transmission line, Z,,
is defined as the ratio between the voltage and current from the time-domain of
the differential telegraph equations for a sinusoidal steady-state condition [35]:

V:)ut ‘/1 R+.7WL
Lo = - =— =455 3.10
Lout Lin G+]CUC ( )

The R, L, C and G model parameters could be extracted from Eqs. 3.9 and 3.10:

R=R(vZ1), (3.11)
L= L(ZJZL) , (3.12)
N
G="% ZL) : (3.13)
C= \‘(sz) (3.14)

At high frequency approximation, (i.e when wL > R and wC > G), the total
losses seen by the transmission line are described by:

R |/C G |L R G
= ~ — — — — ) 7Z 1
Qtot Qcond T Csub 9 T + 9 C QZC + 2 c (3 5)

where aonq are conductor losses due to the resistivity of the metal and gy
are substrate losses due to the coupling between the line and the substrate. The
propagation constant is provided from the de-embedded measured S-parameters
of the CPW line, whereas the characteristic impedance is extracted based on
Dehan method [36]. Base on the open-method [37] where two step calibrations
are provided, on-wafer LRRM (Load-Reflect-Reflect-Much) calibration and
TRL (thru-Reflect-Line), the thru is modelled by a shorter transmission line
with its own characteristic impedance and propagation constant.

Effective resistivity
There are several material properties which have a major impact on the signal
propagation, such as its permeability pu = pou,, electrical permittivity € = ggpe,
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and the resistivity p = %
where pg and g¢ are the vacuum permeability and permittivity, respectively.
Permeability and permittivity are complex numbers and so can be written as:

e =g, — je,” (3.16)

fr = i’ = jp"” (3.17)

The real parts represents the ability of the substrate material to store electric
and magnetic energy while the imaginary part represents losses. The energy loss
in a dielectric medium is quantified by the loss tangent (tand) of the dielectric
which is defined as the ratio between the imaginary and real parts of the complex
permittivity expressed as:

"
1
tand = 2T LAV (3.18)
we,! we,'  pwe,!

where w is the angular frequency, o is the electrical conductivity and p the
electrical resistivity. A dielectric is considered lossless for tand < 0.1, which
corresponds to an electrical resistivity of p = 1.5 kQ-cm for Si (at 1 GHz), and
higher resistivity substrates with tand < 0.03 are required for actually wireless
systems operating in the GHz range.
For a coplanar wave guide fabricated on homogeneous dielectric with infinite
thickness, the relative effective permittivity of the CPW line without conductor
losses is given by:

C
Ereff = CCPW =1+gq(er—1) (3.19)

which is the ratio of the actual CPW structure capacitance (Copw) to the
capacitance when the dielectric is replaced by air (Cy;.), and ¢ a filling factor.
q = 0 if the CPW structure is surrounded by air, and g= 1 if all is dielectric.
With the previously defined CPW structure dimensions we assume that the
semiconductor substrate thickness sufficiently large and hence can be considered
infinite. If the following condition is maintained: h > 2(W + 25), with h equal
to the total substrate thickness [35], the quality factor is approximated by 0.5
and the relative effective permittivity is given by:

er+1
Ereff = 5 (3.20)

Based on the measured S-parameters and once the characteristic impedance
of the CPW line is known the RLCG correspondent model is then defined using
Egs. 3.11, 3.12, 3.13 and 3.14 and the substrate resistivity is expressed by [38]:

1Cai7‘ 1
2 €0 G

Psub = (3.21)
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For non-homogeneous dielectrics stacked in a multilayer configuration
D.Lederer and J. — P.Raskin [39] proposed a new Figure of Merit (FoM) which
gives the effective resistivity of the multilayer stacked materials approximated
as an homogeneous substrate that have the same losses as the investigated non-
homogeneous substrate. The proposed effective resistivity expression is given by:

o 1 (Ereff]-) \/Cair \/Cm
Peff VEreff €0 Gm ’

with e, ¢ the relative effective permittivity of a CPW line on a lossless substrate
extracted using analytical formulas [38].

3.22
ErSi — 1 ( )

C
Ereff = % s (323)

where C,, and G,, are the capacitance and conductance extracted from the
measured propagation constant and characteristic impedance of the CPW line.

3.1.3.3 CPW RF switch measurements on HR-Si

The photo-induced insertion loss and reflection coefficient of the CPW switch on
HR-Si substrate under different illumination levels are presented in Fig. 3.6 (a)
and 3.6 (b), respectively. When the slots of the CPW line are illuminated with
the maximum optical power of 90 mW the signal attenuation becomes in the
order of 60 dB at 20 GHz. When illuminated, the dominating CPW transmis-
sion line loss is coming from the substrate conductivity going from a low to high
values in the plasma region. Such behaviour is well noted by the good qualita-
tive agreement between the simulation results presented in previous paragraph
as in Fig. 3.3 (a) and the experimental results shown in Fig. 3.6 (a). At a fixed
frequency of 2 GHz the insertion loss increases with the optical power intensity
as can be seen in Fig. 3.7 (a). The reflection coefficient is less than -3 dB for
frequencies below 5 GHz in combination with an insertion loss higher than 10 dB
which means that the RF signal is mainly reflected. The switching mechanism
and the influence of the frequency of the RF signal on the absorption or reflective
behaviour of the switch were addressed by Roda-Neve in [30]. He demonstrated
that for trap-rich HR-Si substrates the mechanism is purely reflective at 1 GHz,
while being absorptive at 41 GHz.

The effective resistivity p.ys of the wafer is extracted from the measurements
with the method explained in [39]. As shown in Fig. 3.7 (c), the effective re-
sistivity decreases from 300 Q-cm in the dark state to less than 10 Q-cm when
the switch area is illuminated with 90 mW power intensity. Such decrease of the
effective resistivity corresponds the the high photo-generation rate, i.e. a highly
conductive switch active area.
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50  CPW RF SWITCH AND OPTICAL CROSSTALK ON TRAP-RICH HR-SI SUBSTRATES
3.2 OPTICAL CROSSTALK ISSUE

3.2.1 Optical crosstalk on HR-Si substrate

As previously explained in Section 3.1.1 the photo-induced carriers diffusion
spread laterally to large area through the common substrate. These induced
carriers may have a major impact on the performance of the neighbour
devices. The optical crosstalk measure the variation of the insertion loss of a
non-illuminated CPW line structure when its neighbour CPW RF switch is
optically controlled using different illumination levels.

In our experiment, we measured the scattering parameters on a 3,385 um-long
CPW line (line B) when illuminating its neighbour line (line A) . Fig. 3.8 shows
the lateral diffused photo-generated carriers which alter the RF performance
of the neighbour device. The attenuation along line B is presented in Fig. 3.9
for different light power levels. It shows an attenuation of more than 26 dB at
20 GHz when the spot light is 600 pym away from the measured CPW line as
illustrated in the inset of Fig. 3.9.

Uniform CWillumination A=671 nm

WAL
&/ = = T
: a>> Lateral diffuslii i-

Fig. 3.8: Top view of two neighbour CPW lines lying on the same oxidized HR-Si
substrate.

Si0,

The attenuation is still 13.5 dB when the laser spot is put away at a dis-
tance of approximately 800 pum (approximate distance to the RF probe pads)
from the CPW line victim. Fig. 3.10 (a) and (b) exhibit the insertion loss and
reflection coefficient, respectively, measured on the CPW line RF switch when
its neighbour device is illuminated with different power intensity at a frequency
of 2 GHz, for an away distance of 600pum and > 800um. It shows that increasing
the distance between the two devices reduces the optical crosstalk by more than
5 dB. Moreover, the effective resistivity in Fig. 3.10 (c¢) doesn’t show a big differ-
ence when increasing the separation distance between the optically CW-induced
device and its neighbour measured line, which tells the lateral diffusion effect.
It can be assumed that attenuation is not attributed only to the photo-induced
plasma under the spot light but to lateral diffusion in different directions under-
neath the illuminated area [40]. This optical crosstalk drastically influences other
components or interconnections in the neighbourhood of the optically controlled
microwave device. To overcome this issue, several techniques have been proposed
such as increasing the separation distance between photo-induced devices and
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Fig. 3.9: Measured insertion loss along a CPW line 600 pm away from a photo-
induced CPW RF switch illuminated under various power.

their victims [41], or using a monolithically integrated metal radiation shield
[42]. However, with the downscaling of RF active and passive devices and the
urgent need for compact systems a more efficient solution must be proposed.

3.2.2 Reduction of photo-induced carriers on trap-rich HR-Si

The impact of a high density of traps located at the HR-Si substrate and oxide
interface on photo-induced carrier recombination has been tested by simulat-
ing the attenuation along a CPW line illuminated by various laser power levels.
An undoped polysilicon layer (PolySi) of 400 nm-thick including a high density
of traps sandwiched between the oxide field layer and the HR-Si substrate has
been considered in Atlas simulator to model the trap-rich layer. The simulation
of defect states is done by specifying the density of defect states as a combi-
nation of exponentially decaying band tail states and Gaussian distribution of
midgap states. The optical properties of poly-Si differ from single crystal silicon
because of grain boundaries and other structural defects. These defects can lead
to states within the bandgap, which act as generation-recombination centers and
absorb light with energy less than the bandgap energy. The high density of tail
distributed traps (D,; = 1 x 1017em™2) at the interface strongly increases the
recombination rate of the photo-induced carriers in the Si substrate. As shown in
Figs. 3.11 (a) and 3.11 (b) the attenuation and reflection coefficient of the CPW
line are only weakly affected by the laser illumination, contrary to the results
shown in Fig. 3.6 (a) without a trap-rich layer. It demonstrates the efficiency of
an undoped poly-Si layer to vanish the impact of the photo-induced carriers on
the Si substrate conductivity.
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Fig. 3.10: Measured (a) reflection coefficient, (b) insertion loss and (c) effective
resistivity pesy for a 3,385 pm-long CPW line due to optical crosstalk on HR-
Si substrate for different distance @ 2 GHz under different illumination power
levels.

The performance of a CPW-based photo-induced switch, fabricated on HR-Si
substrate and passivated with a 400 nm trap-rich LPCVD Poly-Si layer un-
derneath a 50 nm-thick oxide layer as shown in the inset of Fig. 3.12 (b), is
investigated. It has been demonstrated in [43, 44] that using a trap-rich Poly-Si
passivation layer the PSC effect is reduced and the handle wafer recover its nom-
inal intrinsic high resistivity value. In Figs. 3.12 (a) and 3.12 (b) the reflection
coeflicient and attenuation were measured for a 8,000 ym CPW line having the
same dimensions as the simulated device and illuminated with different power
intensities. It show that the efficiency of the optically controlled CPW switch
is reduced giving a Ss; value less than 8 dB when illuminated with 90 mW at
20 GHz. The significant reduction of the photoconductivity effect on trap-rich
Poly-Si HR-Si substrate is related to the trapping of the photo-induced carriers.
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Fig. 3.11: Simulated (a) insertion loss and (b) reflection coefficient of a photo-
induced CPW RF switch on HR-Si substrate with high density of volume traps
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Fig. 3.12: Photo-induced CPW RF switch: measured (a) reflection coefficient
and (b) insertion loss on trap-rich HR-Si substrate under different illumination
power levels.

Moreover, as expected, the reduction of the optical crosstalk due to the lateral
carrier diffusion on trap-rich HR-Si substrate is fully achieved as shown in Figs.
3.13 (a) and 3.13 (b) where almost all the impact of illumination has vanished
due to the high density of traps in the passivation polysilicon layer. The measured
attenuation values are lower than 0.5 dB at 20 GHz as shown in Fig. 3.13 (b).
The trap-rich layer has efficiently absorbed the photo-induced carriers and the
CPW line behaves like a non-illuminated device at the maximum optical power
intensity (90 mW). Therefore, this technological solution has a great interest to
reduce the optical crosstalk between devices lying on the same chip. However, as
demonstrated in Fig. 3.12 (b), a trap-rich layer totally reduces the efficiency of
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the photo-induced switch and the behaviour of any optically controlled devices
on such trap-rich HR-Si substrate. The trap-rich poly-Si material should be
etched only from the restricted photoconductive area of the CPW photo-induced
switch. A proposed new design was previously developed in [44] which limits
the substrate illuminated surface so as to have a higher photocondcutivity in a
restricted zone and reduced lateral diffusion otherwise using a high traps density
outside the switch area as show in Fig. 3.14.
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Fig. 3.13: Measured (a) reflection coefficient and (b) insertion loss along a CPW
line 600 pm away from a photo-induced CPW RF switch on trap-rich HR-Si
substrate illuminated under various power levels.
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Fig. 3.14: Optically controlled CPW RF switch on trap-rich HR-Si (a)Cross
section and (b) top view.
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3.3 NEW DESIGNED CPW PHOTO-INDUCED SWITCH ON
TRAP-RICH HR-SI WAFER

3.3.1 Fabrication process

An optimal design was developed in [44] where the photo-induced plasma will be
restricted to a limited area as shown in Fig. 3.14. It consists of a CPW line on top
of oxidized HR~Si substrate with trap-rich passivation layer which locally etched
away in the active photo-induced optically controlled switch. A 525 ym-thick HR-
Si substrate (4 k2-cm) is used for each sample. The trap-rich layer surrounds the
active area of each CPW RF switch. Different dimensions of the switch lateral
active area are investigated ; i.e. the area where the trap-rich layer is excluded. A
high quality HR-Si / oxide interface in the active region of the switch is required
to conserve weak surface recombination and thus assure a high photo-induced
surface conductivity. To avoid the degradation of the interface between the HR-
Si substrate and the oxide insulating layer during the local removal of the PolySi
layer as experienced in [41],[45] , a first 50 nm-thick oxide layer is thermally
grown on top of the HR-Si substrate as presented in the process steps in Fig.
3.15 (a) and patterned to only cover the active region of the switch (Fig. 3.15
(b)). A 400 nm-thick polysilicon layer (PolySi) with a typical columnar structure
[46] is deposited by low-pressure chemical vapor deposition (LPCVD) as shown
in Fig. 3.15 (¢). Patterning of PolySi layer by reactive ion etch with SiCl4 is made
to define the restricted switch active area 3.15 (d). A TMAH etching technique
was used in [44] to remove the poly-Si material from active area window, but
such technique introduces defaults at the Si surface which act as traps for the
photo-induced carriers. The proposed dry etching method will limit the etching
poly-Si windows without degrading the performance of the HR-Si substrate. A
second 50 nm-thick thermal oxide is grown all over the wafer as in Fig. 3.15
(e) for the isolation of CPW line from the Si substrate. Front-side 1 pm-thick
aluminum is evaporated in e-gun vacuum system and patterned to define the
final CPW structure shown in Fig. 3.15 (f). The designed window dimensions
in the PolySi layer must be determined to reach the highest CPW RF switch
performance at the lowest optical power level and at the same time guarantee
a drastic reduction of the optical crosstalk with the neighbour RF switches,
interconnections and other integrated devices.

3.3.2 Optically controlled CPW RF switch and crosstalk reduction on
trap-rich HR-Si substrate

By locally removing the trap-rich layer in a known volume, a reduction of
transmission RF losses and optical crosstalk is assured without degrading
the performance of the optically controlled CPW RF swicth. Regarding the
photo-inudced switch performance for different active area dimensions, it was
observed that increasing the switch area increases the photo-induced attenuation
as developped in [47]. The attenuation and reflection coefficient of the RF switch
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Fig. 3.15: Process steps for trap-rich HR-Si optically controlled CPW RF switch.

of active area of 400 x 400um (etched PolySi window which corresponds to the
total laser spot size giving the maximum illuminated semiconductor surface)
are presented in Figs. 3.16 (a) and (b), respectively. An attenuation of 22 dB at
20 GHz for an optical power of 90 mW is achieved. This value can be compared
with the 55 dB attenuation in the case of RF switch built on top of a HR-Si
substrate presented in Fig. 3.6 (a). The reduced switching efficiency of the
RF switch lying on a locally passivated trap-rich PolySi layer HR-Si substrate
is directly related to the restricted active area of the RF switch, i.e. 400 x 400pm.
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Fig. 3.16: Measured (a) reflection coefficient and (b) insertion loss of a Photo-
induced CPW RF switch with etched trap-rich window on HR-Si substrate under
different illumination power levels.
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Fig. 3.17: Measured (a) reflection coefficient, (b) insertion loss and (c) effective
resistivity pesr on HR-Si, trap-rich HR-Si and etched window trap-rich HR-Si
substrates @ 2 GHz under different illumination power levels.

Measurements of the reflection coefficient and insertion loss in Figs. 3.17
(a) and (b) respectively, compare the efficiency of the photo-induced optically
controlled switch on three different wafers. As depicted in Fig. 3.17 (b) the high
density of traps reduces the photoconductivity effect on HR-Si trap-rich poly-Si,
whereas the photo-induced switch performance increases using a designed etched
window (HR-Si poly-Si window) and on HR-Si substrates, reaching almost 12
dB and 25 dB at 2 GHz, respectively. The extracted effective resistivity pcss
over the optical power intensity at a fixed frequency of 2 GHz in Fig. 3.17 (c)
decreases to values lower than 10 2-cm on HR-Si and HR-Si poly-Si window at
the highest 90 mW power intensity.

The dimension of the etched window must be determined in order to maintain
the efficiency of the switch at the lowest optical power intensity and reduced
optical crosstalk level. As simulated in [44] to increase the switch efficiency
it is necessary either to increase the power density or the illuminated switch
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Fig. 3.18: Optically controlled CPW RF switch measured (a) reflection coefficient

and (b) insertion loss @ 2 GHz for different windows dimension on trap-rich HR-
Si.

area. Fig. 3.18 (a) and (b) compare the reflection coefficient and insertion loss,
respectively for two investigated window dimensions. The lateral switch area of
400x400pm shows higher attenuation level compared to a window of 50 x400pm.

The photo-generation is mainly confined to the active area of the CPW
switch (the etched window in the PolySi layer) and the lateral diffusion of
photo-induced carriers is drastically reduced due to the high recombination rate
in the trap-rich PolySi layer.

An efficient optical crosstalk reduction is reached with the designed structure
without degrading the efficiency of the optically controlled CPW RF switch
comparing with results in [40] where TMAH etching technique introduces traps
on the HR-Si surface and thus degrades the optical switch performance. The
reflection coefficient and attenuation values presented in Figs. 3.19 (a) and 3.19
(b), respectively, are measured on a CPW line spaced by 600 um from the
active area of neighbour illuminated RF switch. An optical reduction of more
than 25 dB is achieved at a power illumination of 90 mW when comparing the
attenuation values on HR-Si substrate in Fig. 3.9 and RF switch surrounded by
a trap-rich layer in Fig. 3.19 (b).

The variation of the reflection coefficient and insertion loss over the optical power
intensity is plotted in Fig. 3.20 (a) and (b), respectively, for a two separation
distance of 600um and d > 800 um. Even increasing the separation distance
between the optically controlled devices and its neighbours, the optical coupling
on HR-Si substrate still at higher level in particular cases when considering the
co-integration of CMOS miniature devices. The trap-rich technological solution
with a designed windows to restrict the photo-induced switch area provides
better optical isolation and could be considered as promote substrate for the
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Fig. 3.19: Measured CPW line (a) reflection coefficient and (b) insertion loss
on trap-rich HR-Si substrate when a neighbour optically controlled RF CPW
switch is illuminated at different power levels.

co-integration of RF CMOS and optically controlled devices on the same chip.

3.4 SUBSTRATE NON LINEAR CHARACTERIZATION USING CPW
LINE STRUCTURE

Radio-frequency characterization of passive devices is provided using small-signal
measurement setup with an input power of 0 dB. However, as previously investi-
gated by Roda-Neve [44] oxidized HR-Si substrate electrical properties are highly
dependent on the applied bias voltage which have a major impact on the charge
distribution inside the substrate and thus on its resistivity profile. Based on the
variation of the substrate electrical properties with time due to either voltage
biasing or a large-signal operation, the RF device behaviour is then consider
non-linear. Using a large-signal Network analyzer a characterization setup was
used to measure the amplitude and phase of the generated harmonics of the
transmitted and reflected waves [9].

The measurements of RF components non-linearity behaviour such as RF
switches, passive or active devices under a large signal operation have been devel-
oped using a commonly FoM which expect the total harmonic distortion (THD)
and inter-modulation distortion (IMD) [48]. Base on a 4-port Agilent PNA-X
vector network analyze (VNA) on-wafer non-linear characterization setup was
implemented by Roda-Neve [44] using adapted measurement equipments to accu-
rately measure the generation of harmonics due to HR-Si substrate non-linearity
behaviour [10]. A large 900 MHz signal (which correspond to GSM fundamental
frequency) with input power ranging from -25 to 15 dBm was used as the funda-
mental tone injected in the input of the CPW line. The frequency spectrum in
Fig. 3.21 shows two harmonic components added to the fundamental tone. The
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Fig. 3.20: Measured (a) reflection coefficient, (b) insertion loss and (c) effective
resistivity peys for a 3,385 pm-long CPW line on HR-Si and etched trap-rich
window substrates for different distance @ 2 GHz under different illumination
power levels.

output power of each frequency component was measured when a 50 ) load is
placed at the correspondent output port. The distortion level is quantified using
a total harmonic distortion (THD) which is equal to the ratio between the inte-
grated power of all harmonics and the measured power at the fundamental tone.
If the harmonic level of a certain frequency is at least 10 dB higher than the
others, THD can be approximated by the output level of such harmonic order.
Such is the case of the measured non-linearities coming from the substrate where
the 2" harmonic distortion level is the highest.

In this section we used a non-linearity characterization setup where the PNA-X
configuration allows to measure, at the same time, the harmonic distortion and
the S-parameters of the CPW lines under different illumination power levels as
shown in Fig. 3.22.
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Fig. 3.21: Frequency spectrum of a non-linear system for a one tone input signal.
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Fig. 3.22: Schematic of harmonic distortion characterization setup under differ-
ent illumination levels.

3.4.1 Substrate non-linearity of a CPW RF switch at the dark state

The non-linear performance of HR-Si, HR-Si 4+ PolySi and HR-Si + Window
polySi substrate were measured for a 871 pm-length CPW line and Fig. 3.23
shows the 2"? and 3" harmonic distortion levels without illumination (dark
state). CPW line on oxidized HR-Si wafer present a significant harmonic
distortion levels of -60 dBm at an input power level of 15 dBm. The distortion
is mainly governed by the 2"¢ harmonic component at 1.8 GHz. The harmonic
distortion specifications for RF switches is approximated to -70 dBc at an input
power of 35 dBm [49, 50]. Therefore, the HR-Si substrate is not suited for the
fabrication of RF switches, non-linear RF devices and circuits (PA, LNA, ...)
with low harmonics specifications.

The substrate non-linearity measured on HR-Si + PolySi substrate is only -95
dBm at an input power of 15 dBm, more than 35 dB lower than its initial
HR-Si wafer without trap-rich passivation layer and lower than RF switches
specification by more than 20 dB.

The proposed configuration for the CPW RF switch with the etched polySi
window at the active photo-induced region show a reduction of harmonic
distortion by more than 10 dB compare to CPW RF switch on HR-Si as
depicted in Fig. 3.23. Such non-linearity level is high enough to introduce more
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Fig. 3.23: Measured (a) 2"? and (b) 3"¢ harmonic distortion of a 871 um-length
CPW line on HR-Si, HR-Si + PolySi and HR-Si + Window PolySi substrates at
the dark state.

non-linearity behaviour coming only from the substrate.

3.4.2 Substrate non-linearity of a CPW RF switch under different
illumination levels

Regarding the non-linearity behaviour on the investigated substrate under
different illumination levels, Fig. 3.24 illustrates the measured 2"¢ and 3"¢
harmonic distortions due to the optical crosstalk on HR-Si handle substrate.
The input large-signal was injected at the input of a CPW RF switch (871
pm-length) when its neighbour was illuminated (1571 pm-length) with different
power levels. The distance between the two CPW line structures is approximated
to 700 pum. It can be observed that the 2"¢ HD on oxidized HR-Si wafer is
sufficiently high and illumination effect does not add more non-linearity.

Using a passivation polysilicon layer underneath the oxide layer, the high
density of traps literally capture the photogenerated carriers. Although, it
increases with the illumination power, the 2”¢ harmonic distortion level remains
below -70 dBm at the maximum power intensity of 90 mW as depicted in Fig.
3.24 (a). However, for the CPW RF switch configuration with an etched polySi
window the substarte non-linearity increases with illumination and it becomes
as high as that on oxidized HR-Si wafer as seen in Fig. 3.26 (a).
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Fig. 3.24: Measured (a) 2" and (b) 3"¢ harmonic distortion of a 871 um-long
CPW line on HR-Si substrate at different illumination levels.
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3.5 CONCLUSION

In this chapter we have investigated the performance of CW-mode optically
controlled microwave switch on silicon substrate. The main advantages of this
optically controlled device are i) a low optical control power ii) simplicity of
fabrication and compatibility with standard CMOS process iii)inherent isolation
between control and driven signals. For all these reasons, this opto-microwave
CPW RF switch may find applications in tunable RF devices and circuits such as
tunable filters, reconfigurable antennas. The designed CPW RF switches on HR-
Si substrate with and without etched polySi window provide higher switching
efficiency at low optical power at a frequency of 20 GHz compare with Canseliet
et al. [26] as depicted in table 3.1. Although, the implemented switches on HR-Si
substrate show good switching efficiency but they suffer from the spread of the
photo-generated excess carriers over a large distance which drastically influences
the behaviour and performance of neighbour interconnections and devices. By
introducing a trap-rich polysilicon layer sandwiched between the oxide layer and
the HR-Si substrate, it has been found that the optical crosstalk is drastically re-
duced thanks to the high recombination rate in the PolySi layer. A well-controlled
process was developed to locally etch the polysilicon window. Depending on the
application, the dimensions of the trap-rich free area; i.e. where a highly photo-
conductive region is wanted, must be optimized in order to assure the good
performance of the optically controlled RF device under low optical power and
simultaneously minimize the optical crosstalk between the different components
of an integrated System-on-Chip (SoC).

Using the effective resistivity and harmonic distortions FoMs it was demonstrated
that the passivated trap-rich HR-Si substrate allows to recovers the high resis-
tivity properties of oxidized HR-Si wafer and reduces its non-linear behaviour
by more than 50 %. The new designed CPW RF switch with a locally etched
polySi window reduces the optical crosstalk as well as the non-linearity coming
from the substrate thanks to the trap-rich layer.
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CHAPTER 4

SOl CMOS TECHNOLOGY ON
COMMERCIAL 200 MM TR-SOI
SUBSTRATES: RF PERFORMANCE AND
DIGITAL SUBSTRATE NOISE

R-SOI substrate is today considered as the mainstream technology option

for the integration of RF System-on-Chip (SoC) due to it’s capability to
deliver very competitive performance while offering great flexibility to integrate
more functionality and providing lower cost solution compared with GaAs
PHEMT and SOS technologies. Recent studies have reported the integration of
antenna switches [1-3] and power amplifiers [4] on HR-SOI substrate. It was also
shown that the availability of high performances passive components enables the
integration of filters and diplexers which are massively used in multi-standard
RF front end modules [5]. Even though HR-SOI substrate meets most of the
requirements for the integration of RF front-end modules, it is known that it
suffer from surface conduction effect underneath the BOX and degradation of
its nominal resistivity. It has been previously shown using coplanar wave-guides
(CPWs) that the transverse electric field through the SiO3/S7 interface induces
a surface carrier channel of accumulation or an inversion highly conductive
layer [6, 7]. Such parasitic surface conduction (PSC) effect reduces the effective
resistivity of HR-Si handle wafer by more than one order of magnitude [§],
increases substrate RF losses and crosstalk [9]. In addition, the non-linear
behaviour of HR-Si substrate increases due to PSC effect and the generated
harmonics by the passive components can have higher power levels than those
from RF switches or other active devices fabricated on HR-SOI [10]. Various
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technological solutions have been developed to reduce these parasitic effects and
enhance the HR properties of the Si substrate. The introduction of a trap-rich
layer has been proved as the most effective technique while being compatible
with industrial SOI wafer fabrication and with the important thermal budget
of standard CMOS process [9]. The numerous traps created by silicon dangling
bonds in the trap-rich layer capture the free carriers at the SiO,/S% interface,
thereby enabling the substrate to recover its nominal resistivity, linearity,
eliminating the DC dependency [10, 11], and leading to a substantial reduction
of RF losses and crosstalk [12]. In this chapter we investigate the static and
RF performances of passive and active fully-depleted (FD) SOI MOSFETSs
fabricated using a standard CMOS process on top of either HR-SOI or TR-SOI
UNIBOND wafer both provided by Soitec. Fig. 4.1 shows an image of the 200
mm @ processed SOI wafer where it highlights the designed passive (CPW
lines and crosstalk structure) and active devices (FD SOI MOSFET’s). The
RF losses and substrate non-linearity are analyzed using CPWs lines and
crosstalk structures. DC and RF performances of FD SOI MOSFET and the
digital substrate noise effect on RF performance of the measured transistors are
investigated when a digital noise signal is injected in its vicinity.

200 mm @
TR -SOI

ri%

it
*1%

Fig. 4.1: ITmage of the processed SOI wafer: highlight characterized passive and
active devices.
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4.1 RF PERFORMANCE OF CPW LINES AND INDUCTORS ON
TR-SOI

4.1.1 CPW Line RF Performance on commercial TR-SOI wafers

The passivation efficiency of trap-rich TR-SOI substrates was investigated on
commercial 200 mm HR-SOI wafers for passive and active devices fabricated
using a standard SOI CMOS process [13]. A coplanar waveguide structure is
used to investigate RF substrate losses and non-linearity behaviour. Indeed,
among the integrated passive elements, coplanar structures are quite sensitive
to substrate effects at the Si0O5/Si interface [14]. The cross section of the CPW
line on HR-SOI and TR~SOI substrates are illustrated in Fig. 4.2. Its dimensions
are 38 um (Wce), 18 (S), 213 (Wg) for, respectively, the width of the central
conductor, the slot space and the planar ground planes.

On-wafer small- and large-signal measurements of the CPW line were per-

Al
BOX
N
/4
LN
Trap-rich layer
HR-Si (> 3 kQ.cm) HR-Si (> 3 kQ.cm)
(@) (b)

Fig. 4.2: Cross-section of CPW line on (a) HR-SOI and (b) TR-SOI substrates.

formed using a dedicated setup [10] based in an Agilent 4 Ports PNA-X vector
network analyzer. The RF measurements were carried up to 10 GHz and the
RF substrate losses as well as the effective resistivity (pess) of the wafers were
extracted from the measured S-parameters using the method depicted in [§].
CPW lines on TR-SOI wafers present extremely low attenuation level (< 0.2
dB/mm) being close to those of CPW made on SOS or quartz, where losses
are mainly governed by conductor losses as presented in [15]. Fig. 4.3 shows
the excellent RF lossless TR-SOI compared with HR-SOI and quartz handle
wafers. In fact, the extracted effective resistivity in Fig. 4.4 confirms the true
high resistivity (> 3 kQ.cm) up to 5 GHz of the wafer compared with only 200
Q.em for the oxidized HR-SOI substrate. A degradation of p.ys (4 times lower)
was observed for the HR-SOI wafer after CMOS process. When we talk about
CMOS process, we refer to the different classical fabrication steps for building
up a MOS transistor such as gate oxide growth, ion implantation to define the
doping profile of the channel, gate material deposition and patterning, source
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and drain implantation, the different metallization steps, etc. These different
steps introduce a thermal budget which could affect the carrier distribution in
the TR-SOI and HR-SOI wafers, the traps density and defects at the different
interfaces, etc. The extracted effective resistivity in Fig. 4.4 show that the
introduced trap-rich layer (TR SOI wafer) underneath the oxide layer stabilizes
the whole wafer and almost no variation is measured for the extracted effective
resistivity for the TR SOI wafer before and after CMOS process. Whereas we
can observe a clear reduction of the extracted effective resistivity after CMOS
processing for the HR SOI wafers. The droop and overshoot around 3 GHz
is mainly related to error of probing contact on that device. Such low effec-
tive resistivity of HR-SOI without the trap-rich passivation layer is explained
by the presence of a highly conductive inversion layer underneath the oxide layer.

& HR-SOI
045 - -@ TR-SOI b
- Quartz

Substrate losses

Frequency [GHZ]

Fig. 4.3: Measured Attenuation vs. frequency of a CPW line on HR-SOI, TR-SOI
and quartz substrates.

Regarding their linear behaviour, the 27 and 3"% harmonics of a 900 MHz
fundamental signal with an input power of +25 dBm at the output of a 2,000
pm-long CPW line on both HR-SOI and TR-SOI substrates are shown in Fig.
4.5. The non-linear distortion phenomena seen in microwave devices and circuits
is mainly quantified using the total harmonic distortion (THD FoM) figure of
merit, which is defined as the ratio of the total output powers of all generated
harmonics to the measured power at the fundamental frequency. The THD can
be approximated to the harmonic distortion level 10 dB higher to the other fre-
quency generated harmonics, As explained in Section 3.4.

A reduction by more than 25 and 35 dB is depicted on TR-SOI for respectively,
the 2" and 37¢ distortion levels. The HR-SOI non-linear behaviour is mainly due
to the modulated charge density at the SiO2/Si interface. The parasitic surface
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Fig. 4.4: Measured Effective resistivity on HR-SOI and TR-SOI before and after
CMOS process.

electron inversion layer change the distribution of free carriers inside the silicon
substrate, thereby modulate its correspondent non-linear capacitance and con-
ductance [16]. The handle wafer becomes highly dependent on bias voltages [11]
applied on the CPW lines. The DC voltage changes the carrier’s distribution at
the Si02/Si interface and thus modulates the effective resistivity of the substrate
and increases the harmonic levels. With a trap-rich layer underneath the oxide
a total independence from DC applied voltage is achieved as previously investi-
gated in [10, 11], it corresponds to an ideal HR-SOI substrate, i.e. not suffering
from the parasitic surface conduction effect. The high p.s; and linear behaviour
of the TR-SOI wafer makes it a viable substrate solution for RF integrated SoC
applications.

4.1.2 Indcutors on TR-SOI

Passive elements such as inductors, capacitors and interconnection transmission
lines, cover a large area on the chip of the front-end modules (FEM). The perfor-
mance of the latter is highly affected by their correspondent quality factors, RF
losses and linearity which are key factors for the whole system. The focus is put
on high quality on-chip inductors as they are critical components and widely used
in RF circuits especially for impedance matching, RF filters, RF transceivers,
voltage controlled oscillators (VCO), power amplifiers and low noise amplifiers.
Therefore, there is an increasing demand to design high quality factor inductors
to minimize RF power loss, phase noise and DC power consumption.

In this research high quality factor inductors were fabricated on HR-Si wafers
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Fig. 4.5: Measured 2" and 3"% harmonic power levels of a CPW line on HR-SOI,
TR-SOI and quartz substrates.

with and without a passivation trap-rich layer using a multimetal surface micro-
machining process at the University of Michigan [17]. The detailed specifications
of each substrate are outlined in table 4.1. Trap-rich polysilicon (PolySi) and
amorphous layers (a-Si) were deposited by LPCVD deposition technique on a
HR-Si 10 kQ.cm (TR-10k) at 625°C and HR-Si 4 kQ.cm (TR-4k) at 525°C,
respectively. The a-Si layer was then crystallized using rapid thermal annealing
(RTA) at 900°C for 120 s. On all wafers, a 150 nm-thick thermal oxide layer
was grown at 950 °C partially consuming the trap-rich layer. The resulting pas-
sivation layer thickness is 330 and 360 nm for TR-10k (PSi) and TR-4k («-Si),
respectively.

The designed inductors involve two thick electroplated metal layers as described
by the process flow in Fig. 4.6. A 5 yum Au and a 35 um-thick Cu stacked struc-
tural and underpass metal layers were used to further reduce conductor losses
(highest @ at the inductor operating frequency), and thus observe the effect the
trap-rich layer.

The impact of the passivation polysilicon layer on the ) factor and non-linear
behaviour of 2 nH single-turn circular inductor is investigated. The inductor is
designed to have its peak @ at frequency beyond 2.5 GHz as shown in Fig. 4.7 (a)
with the dimension depicted in its inset. The measurement results on the trap-
rich HR-Si in Fig. 4.7 (b) show a much higher Q compared with the standard
HR-Si when a thick Cu layer is used. The maximum @ on 10 kQ.cm trap-rich
HR-Si is more than 60 at 2.73 GHz while it is only 35 at 1 GHz on standard
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LPCVD
a-Si

150 LPCVP 330 N 725
PolySi

>10k

Table 4.1.: HR-Si substrates specifications.

I Glass Gold [ ALO; W pMMA
m Gold ™ photo Resist - Copper

44

Fig. 4.6: Fabrication process flow: (a) Au lift-off, (b) Al;Os deposition, (c)
PMMA patterning, (d) PMMA thinning, (e) Au electroplating, (f) S1813 lithog-

raphy, (g) Cu electroplating, (h) release in acetone followed by CPD. [17]).

HR-Si.

Inserting patterned ground shield [18] or a trenched silicon island [19] beneath
the inductor have been reported to have a significant improvement on the in-
ductor’s performance. Due to substantial reduction of substrate RF losses and
parasitic coupling, the measured quality factor on trap-rich HR-Si substrate with
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a thick Cu layer exhibits Q values similar in range than reported for inductors
fabricated on CMOS-grade trenched silicon substrate [19]. Using a patterned
ground shield technique [18], not only the inductor quality factor improvement
is not as significant compare with those fabricated on trap-rich HR-Si or trenched
silicon substrate, but also the compromise to produce high resonance frequency
and relatively high quality factor inductors.

As previously mentioned the inductor elements cover a large area within the

100 . . :
— IND2 on HR-4k
— 80 IND2 on HR-10k
I ° 0 —IND2 on TR-4k |
£ S — IND2 on TR-10k
g & 60}
>
8 £ 40!
3 ©
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£ g 20
] 0L T
0 2 4 6 8 0 2 4 6 8

Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 4.7: Measured (a) inductance (inset: microscope image of the inductor) and
(b) Q of 2 nH;np on HR-Si and TR-Si (the dashed line is the simulation result
using the lumped element model [20]).

integrated RF circuits and thus substrate non-linearity is mainly sensed through
such large passive elements surface. To that end the inductor non-linear be-
haviour was investigated through the measurement of the output power at the
second and third order harmonics (HD2 and HD3) on HR-Si wafers with and
without a trap-rich layer for different fundamental input frequencies, 900 MHz, 2
GHz and 4 GHz. Higher harmonic levels are depicted on HR-Si wafer compared
to passivated trap-rich HR-Si when the fundamental RF frequency is close to
the inductor operation frequency, which corresponds to the maximum quality
factor value. Fig. 4.9 (a) shows HD2 level at -90 dBm and HD3 close to the noise
floor level when an input fundamental frequency is 900 MHz on both wafers.
The non-linear behaviour increases on HR-Si substrate when the input funda-
mental frequency increases to 2 and 4 GHz as shown in Figs. 4.9 (b) and (c).
The passivated trap-rich layer reduced the effect of the parasitic surface con-
duction (PSC) effect at the SiO2/Si interface and thus maintains low harmonic
levels over the whole frequency range on both TR-10k and TR-4k wafers. These
results correlate with the measured quality factor, i.e. reduction of harmonics
with the increase of the quality factor.

The PSC effect as well as the trap-rich layer on HR-Si substrate were previously
investigated and modelled in chapter 2 and the complete inductor equivalent
lumped elements is shown in Fig. 4.8. The inductor parasitic lumped elements
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derived from the skin and proximity effect are described by the Lgi, Rs1, Rgso
elements. C, represents the parasitic capacitance due to the overpass and un-
derpass layers in multi-turn inductors [20].

-|-cz Rz

Fig. 4.8: Lumped elements model of an inductor on trap-rich on HR-Si substrate.
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Fig. 4.9: Measured harmonic distortions of 2nH inductor @ different fundamen-
tal tones (a) 900 MHz, (b) 2 GHz and (¢) 4 GHz on HR-Si , amorphous trap-rich
HR-Si (TR «-Si) and polySi trap-rich HR-Si (TR PSi).
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4.2 FD SOl MOSFET DC AND RF CHARACTERISTICS

Fully-depleted (FD) SOI NMOSFETSs are designed using a standard 1 um SOI
CMOS process and fabricated in the Winfab clean-room at UCL [13]. N-channel
SOI MOSFETSs with gate lengths of 1.5, 2 and 3 um, finger width (W) of 10, 20,
30 and 40 pm, with 20 parallel fingers are studied. The RF test structures employ
a multi-finger gate layout to minimize gate resistance. Multi-finger devices are
used and embedded in coplanar waveguide (CPW) access pads for performing
RF characterization. In this section we focus on FD SOI MOSFETs with 2 ym
gate length (L) with 20 gate fingers of 20 pm gate width each (W). The number
of 20 fingers is mainly designed to minimize series resistance in the gate and
S/D contacts. Whereas, the gate finger width of 20 pm for a channel length of
2 pm is optimum to maximize the RF cut-off frequency of the transistor. Both
intrinsic (10*® at/cm?, named NiN) and standard boron implantation (4x 1016
at/cm3, NP2N) are considered for the channel doping. The cross section of the
tested nMOS transistors is shown in Fig. 4.10 having 400 nm-thick BOX, 80
nm-thick thin active silicon film and 25 nm-thick gate oxide, all lying on HR-Si
handle substrate (> 3 kQ2.cm) and HR-Si substrate passivated by a 2 pm trap-
rich layer. DC and RF measurements were performed on 18 dies for both HR-SOI
and TR-SOI wafers.

]
Cale  Lan TN s meNT
Source  m— rain 5oy

FONT Si Nt
BOX - Traprichlayer

HRSi HR S
(a) (b)

Fig. 4.10: Cross-section of the FD SOI MOSFET transistors on (a) HR-SOI and
(b) TR-SOI wafers.

4.2.1 DC characterization and parameters extraction

4.2.1.1 Threshold voltage (Vin)

Threshold voltage is one of the most important and valuable parameters for
DC characterization, device modelling and device engineering of any technology
node. For a MOSFET transistor it is used to distinguish the gate voltage at
which the transition between weak and strong inversion occurs in the MOSFETs
channel. The threshold voltage can be either positive or negative, depending on
the doping concentration and the material used to form the gate electrode. If
the threshold voltage is negative the n-channel MOSFET is a depletion-mode
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device (such as intrinsic doping NiN devices in this work); if it is positive, the
device is an enhancement-mode MOSFET (i.e. NP2N standard doping transis-
tors). Depletion-mode devices will have an inversion layer when the gate voltage
is equal to zero. Enhancement-mode devices require an applied positive gate
voltage to create the inversion layer.

The analytical expression of the threshold voltage for a fully depleted SOI MOS-
FET is given by [21, 22]:

Qb
2Cox

Qv CsiCpox
2Cgox’ Cox(Csi+ Cpox)
(4.1)
where Vt{: and Vpg are the front threshold and back-gate voltages, Vg g and Vig
are the front and back gate flatband voltages, Cox, Cgox and Cg; are front
and back gate oxide and depleted silicon-film capacitances, respectively. @ is
the charge density in the depleted silicon film given by:

Qb = +qNaTsi (4.2)

Vi =V, 420, - — (Ve — Vi —20p+

for n-channel devices where N4 is the p-type body doping concentration and Tg;
is the SOI-film thickness.

Since the buried oxide thickness is in the range of 400 nm, the silicon film-
thickness is under 100 nm, and eg;/e0x=11.8/3.9, Cs; > Cpox, we have

CsiCpox _ Cpox (4.3)
Cox(Csi +Cpox)  Cox '
Equation 4.1 can be written for an n-channel SOI MOSFET
C NaTs;
Vi = Vi +20p — (Vpg — Vi — 20p) - 220X | DATST -y 4

Cox Cox

For non-fully depleted silicon film or Tg; > Xgma. the threshold voltage is given
by

N X maxr
VI = Vi, + 20, LA dmer (4.5)
Cox
where
VFB = (Dms - QOI (46)
) COZIJ
is the flat band voltage,
kKT N,
Sp = —In(— 4.7
P=in(2?) (47)
is the Fermi potential, and
4€si¢)F
mar — 4.8
. qNa (48)

is the maximum depletion width.
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In this work, Vy, is extracted from Ip(Vg) curves measured in the linear
regime (Vps = 50 mV) using the second derivative method [23]. The second
derivative of the drain current with respect to gate voltage is calculated using
Eq. 4.9

d*Ip  dgn
d2Ve — dVg

(4.9)

The maximum of the second derivative is then found and the corresponding Vg
is taken as Vi, as shown in Fig. 4.11.

x 10
4.5 T T T T T T T
i FD SOI MOSFET: NiN os
35} m
HR-SOI:V, = =0.39 V| e 66 {5
3r TR-SOI:V, =-043V | O max(d,{dVg)
25} O Vi
2 L
15}
l -
05}
0
-1

Fig. 4.11: Experimental result showing dg,,/dVs method as a function of gate
voltage to extract threshold voltage at low Vd = 50 mV for NiN FD SOI MOS-
FETs with L = 2um, W = 20um and Ny= 20. The g¢,, and dg,,/dVg are
normalized to their maximum peaks.

In Fig. 4.12 the distribution of the extracted Vi, for both intrinsic NiN and
standard NP2N doped transistors is presented. Based on statistical measurement
of 18 devices on each wafer, i.e. HR-SOI and TR-SOI, the observed variation is
mainly related to the process variability. The mean values of the extracted Vyp
for the 18 devices (for the NiN doped transistors) are quite similar for both
technologies, i.e. -0.39 and -0.43 V, respectively. We claim that the introduced
trap-rich layer underneath the BOX does not affect the DC and RF performance
of active devices. The Vy, variation for the NP2N doping transistors on both
HR-SOI and TR-SOI have relatively the same tendency (close to 0.22 V).
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Fig. 4.12: Vy, distribution for (a) NiN and (b) NP2N FD SOI MOSFETs from
18 dies on each HR-SOI and TR-SOI wafers.

4.2.1.2 The current-voltage Ip (Vg ) characteristics and Transconductance (gm,)

The current-voltage Ip (V) characteristics is an essential way to study and
extract different DC characterization parameters for a MOSFET transistors. The
normalized Loglp(Vgr) and ¢, (Ver) curves recorded for 2 pm-long FD SOI
nMOS are presented in Fig. 4.13. The results outline similar DC behaviour on
both wafers, for both channel doping levels NiN and NP2N FD SOI MOSFETs.
The saturation drain current for a fully depleted SOI MOSFET transistor takes
place when Vp > (Vg- Vip)= Var, and Ipga is given by [22]:

nC W (Vg = Vip)?
IDsat = 1 MCSi%)B(OX f( @ B) th) (410)
+ Cox(Csi+Crox)

where Cox,Cox, Cs;, are the front and back oxide and depleted silicon-film
capacitances, respectively. The body factor for fully depleted devices under de-
pleted back interface conditions is given by:

CsiCpox
Cox(Csi + Cpox) (4-11)

The body factor quantify the coupling efficiency between the front-gate voltage
and the channel. The closer n to unity, the sharper is the transition between
off- and on-states of the transistor.

As previously mentioned since Cs; > Cpox, the buried oxide thickness is in
the range of 400 nm and the gate oxide thickness is only 25 nm the body factor
could be approximated to 1 and Ips4: equation can be written:

1nCox W (Vg — Vin)*
l+a L 2

W V2
= Mncoxf% (4.12)

IDsat =
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Fig. 4.13: Normalized Loglp(Var) and g, (Ver) characteristics at Vp= 1.5 V
for NP2N and NiN FD SOI MOSFETs with L = 2um, W = 20pum and Ny= 20
on HR-SOI and TR-SOI substrates.

The transconductance of a MOSFETSs is a measurement of effectiveness of the
control of the drain current by the gate voltage and corresponding to the first
derivative of the drain current Ip with respect to the Vg (Eq. 4.8).

_dip

R——) 4.1
g i (4.13)

In a thin-film, fully-depleted SOI MOSFETsS, the transconductance can be ob-
tained as follows:
WiersCox

- n.L (Vo -

_ dIDsat
dVa

_ WherrCox

Vin) I3

Im Var (4. 14)

where W is the width, L the gate length, L.s; the effective carrier mobility and
Cox the front gate oxide capacitance.

From the transconductance versus gate voltage characteristics in Fig. 4.13, it
is possible to extract various electrical and technological parameters such as
threshold voltage, carrier mobility, etc. The variation of the normalized Ip(Var)
and g,,(Var) in Fig. 4.14 show relatively the same tendency on 18 dies for NiN
FD transistors on both HR-SOI and TR-SOI substrates.

The maximum transconductance (gmmaz) i a useful information for analog
and RF figures-of merits and can be translated into how fast the transistor
perform. Figure 4.15 shows the distribution of the extracted g,,maq. for NiN and
NP2N FD transistors on both HR-SOI and TR-~SOI substrates, which are quietly
in the same range.
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Fig. 4.14: Variation of the normalized Ip(Vgr) and g, (Var) for NiN FD SOI
MOSFETS from 18 dies on (a) HR-SOI and (b) TR-SOI wafers.
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Fig. 4.15: gmmaz distribution for NP2N and NiN FD SOI MOSFETs from 18

dies on each HR-SOI and TR-SOI wafers.

4.2.1.3 Subthreshold slope (SS)

In weak inversion the drain current depends exponentially on gate and drain
voltages. By taking the slope of the straight line at this regime based on
dVg/dlog(Ip) (hence the inverse of dLog(Ip)/dV¢) as depicted in Fig. 4.16 the
sharpness of the current transition from off-state to on-state can be determined

[24]. Lower value of the ’subthreshold slope’ or ’subthreshold swing’ implies more
efficient and rapid switching of the devices. It is defined as the change in gate
voltage required to produce a decade change in drain current and given by :

SS

_ 0Vg
~ dLog(Ip)

= nk—Tln(lo)
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where k is the Boltzmann constant, T" is the temperature, and ¢ is the charge of
the electron.

Theoretically, the lowest possible value is 60 mV /decade, which is reached when
n~= 1. Practically, values around 65 mV/decade can be obtained for long fully
depleted devices at room temperature. The extracted subthreshold slope for
the investigated NiN and NP2N FD SOI MOSFETs on both HR-SOI and TR-
SOI substrates are quiet similar as depicted in Fig. 4.16. The variation of the
subthreshold slope for the measured NiN and NP2N transistors of 18 dies on both
HR-SOI and TR-SOI wafers are shown in Fig. 4.17 (a) and (b), respectively.

7 HR-SOININ S =75.2783 mV/dec
V TR-SOININ S =73.6404 mV/dec

O HR-SOINP2N S =68.3458 mV/dec

Log(l,) (A)
=)

O TR-SOINP2N S =68.0735 mV/dec

Fig. 4.16: Experimental result showing the extraction of SS from drain current
in log scale at Vd = 50 mV for NiN and NP2N FD SOI MOSFETs on HR-SOI
and TR-SOI wafers.

4.2.1.4 Drain-induced barrier lowering (DIBL)

Drain-induced barrier lowering (DIBL) occurs when the depletion regions of the
drain and the source interact with each other near the channel surface to lower
the source potential barrier [25, 26]. When a high drain voltage is applied to a
short-channel device, it lowers the barrier height, resulting in further decrease
of the threshold voltage [13]. The source then injects carriers into the channel
surface (independent of gate voltage). DIBL is enhanced at high drain voltages
and shorter channel lengths. DIBL can be extracted as the shift of Vg with Vp

(DIBL = 2—‘%) at constant normalized drain current (i.e. Ipnorm = Ip/(W/L)
of 10~7 A). Alternatively DIBL can be defined as a Vjj, shift due to the variation
in drain voltage (DIBL = f\“?g )[27]. The subthreshold curves are steep as shown
in Fig. 4.16 and DIBL (Drain Induced Barrier Lowering) effects are very slight.
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Fig. 4.17: Subthreshold slope distribution for NP2N and NiN FD SOI MOSFETs
from 18 dies on each HR-SOI and TR-SOI wafers.

Figure 4.18 (a) and (b) shows the distribution of the extracted DIBL values for
the measured NiN and NP2N FD SOI MOSFETS, respectively, from the 18 dies
on each HR-SOI and TR-SOI wafers. The average values of the extracted DIBL
are relatively similar on both substrates for each NiN and NP2N doping profiles
13.5 and 14.2 mV /V, respectively.
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Fig. 4.18: DIBL distribution for (a) NiN and (b) NP2N FD SOI MOSFETSs from
18 dies on each HR-SOI and TR-SOI wafers.

4.2.1.5 Transconductance-to-current ratio (gm/Ip)

The ratio of transconductance to drain current (g,,/Ip) is a very important
figure of merit for analog circuits [28-30]. It occurs in the formula for the DC
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gain of a MOSFET:
AVyut o AVin  gm _9m _ 9m

Via (4.16)

AVi  ga AVin ga Ip
where g4 is output conductance and Vg4 is Early voltage. It is known that the
maximum performance of analog devices may be obtained for the largest gain,
which means the largest g,,/Ip ratio. This condition appears in weak inversion
for MOSFET transistors [24]. The value of g,,,/Ip can be rewritten as:

gm _ dIp _ In(10) _ 4 (4.17)
Ip  IpdVg SS nkT
A previously defined, the body factor n is a measure of the ideality of the cou-
pling between the gate voltage and the channel surface potential. Typical values
of n are in the range of 1.05 to 1.1 for FD SOI MOSFETSs [22].
To fairly compare all types of transistors on both wafers and to eliminate the
impact of threshold voltage variations, we extracted in Fig. 4.19 g,,/Ip over
Ip/(W/L). The low body effect coefficient for FD SOI devices allows for ob-
taining almost identical high values of g,,/Ip (35 V~!) on both HR-SOI and
TR-SOI technologies.
In strong inversion, for long-channel devices, g,,/Ip becomes:

35
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307 V TR-soINiN
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a 20
S 151
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10 10°® 10°
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Fig. 4.19: g,,,/Ip ratio versus Ip/(W/L) at Vp= 1.5 V, for NP2N and NiN FD
SOI MOSFETs on HR-SOI and TR-SOI substrates.

9m [2p0CoxW/L
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These different DC extracted parameters suggest that trap-rich passivation
layer does not impact the DC behaviour of the studied long channel FD SOI
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MOSFETs. The measured MOS transistors are pretty large and thus they
feature a large contact area with the BOX. But even for such a wide transistors,
the traps underneath the BOX do not impact the transistor behaviour.

4.2.2 High frequency performance

High frequency measurements have been performed from 0.04 to 40 GHz using
Anritsu 37369A in combination with HP4145A. The S-parameters plans corre-
spond to the active part of the device and defined using a two-steps calibration
procedure. First, an off-wafer LRRM (Load-Reflection-Reflection-Match) cali-
bration technique defines the reference planes at the probe tips. Then, the CPW
accesses embedding the device are deduced using a dedicated on-wafer open
test structure as shown in Fig. 4.20. The open de-embedding method requires
a dedicated dummy structure manufactured in the same chip as the DUT. The
measured S-parameters of the open structure is converted to Y-parameters Yopen
an then subtracted from the total Y-parameters Yoot (Your = Yrota — Yopen)
[31]. The de-embedded DUT Y-parameters Ypyr is then converted to other rep-
resentation suitable for the extraction of different RF parameters.

~— 7

- @-g

Fig. 4.20: Schematic illustration of de-embedding methods a) complete structure
b) open structure ¢) DUT transistor.

c)

a)

The RF behaviour of a transistor is usually characterized by two key parameters,
the current gain cut-off frequency fr and the power gain cut-off frequency faz
[32], extracted from measured data after the de-embedding step. The Current
gain cut-off frequency is also known as unity current gain frequency defined as
the frequency at which the short circuit current |Haj| is equal to unity. It is
extracted from the x-axis intersection of an extrapolated -20 dB/dec line on the
curve of the current gain |Ha| versus frequency as depicted in Fig. 4.21. The
current gain |Ha;| can be expressed by :

|Ya1]
[Y11]

|Ha1| = (4.19)
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It can also be calculated from the measured S parameters using:

|7 2521|
[(1 = S11)(1 + Sag) + S12:591]

|Hai| = (4.20)

Fig. 4.21 presents the expected Hs; which shows excellent similarity, respec-
tively, for the NiN and NP2N FD SOI MOSFETSs on both wafers. The current
gain was extracted at the bias voltages condition giving the maximum of g,
i.e. Vgs= 1.5V, and Vgg=2 V for NiN and NP2N transistors, respectively and
Vps= 1.5 V in both cases. These curves demonstrate that substantially high
RF performance of FD SOI MOSFET can be achieved on TR-SOI wafers.

40
Y/ HR-SOI NiN
307 V TR-SOININ
o O HR-SOI NP2N
L 201 O TR-SOI NP2N
N
I
10 1
0 S~ [ —
-10

100 M 16 10G
Frequency [Hz]

Fig. 4.21: Current gain measured for NiN (at ) and NP2N (at ) FD SOI MOS-
FETs on HR-SOI and trap-rich HR-SOI substrates.

Based on the small-signal equivalent circuit in Fig. 4.25, the current gain
cut-off frequency fr can be obtained analytically from:

%(Ygl)

fr= 2r3(Ya1 /w)

(4.21)

where £(Y21) is mainly a function of the gate transconductance and (Y7;) is
directly related to the total gate capacitance, thus fr can be expressed by:

Im
= 4.22
fr 2mCyy (4.22)

where Cy4 is the total gate capacitance, i.e. the sum of gate-to-source and gate
to-drain capacitances (Cgg = Cys + Cya).
The influence of parasitic capacitances and resistances to the current gain cut-off
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frequency can be detailed using the following expression of fr [33, 34]:

Im 1
fr~ (4.23)
21Cygs (1 + g—zd) + (Rs + Rd)(gjf (9m + 9a) + 9a)

Equation 4.23 highlighted the importance of the ratio g,,/gq and Cys/Cyq whose
high values enhance the cut-off frequency fr. Figure 4.22 shows cut-off frequency
fr versus Vg, respectively for NiN and NP2N FD SOI MOSFETSs on both wafers.
A slightly shift down of fr is seen on TR-SOI compared to the values on HR-
SOI, which could be related to the higher values of access resistance Ry as shown
in Fig. 4.26. The variability of the extracted fr from 18 dies on each HR-SOI
and TR-SOI wafers, respectively, for NiN and NP2N transistors is presented in
Fig. 4.23, which show a slightly higher fr values on HR-SOI wafers. Again, the
observed variation is mainly related to our academic process variability.

HR-SOI NiN
HR-SOI NP2N
TR-SOI NiN
TR-SOI NP2N

oqodq

f (GHz)

Fig. 4.22: Current gain cut off frequency fr as function of Viz measured for NiN
and NP2N FD SOI MOSFETSs on HR-SOI and TR-SOI substrates.

The maximum oscillation frequency f.q. is defined as the frequency at which
the power gain equal to unity, i.e. the device still provides power in a stable
operation. The Maximum Available Gain (MAG) as a function of S-parameter
can be expressed by:

MAG = :?1: (k—Vk2—1) (4.24)
11

where k is the Rollet’s stability factor defined by:

= L= 150l — |52 + |A]?
2|S12|[Sa1

(4.25)
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Fig. 4.23: Cut off frequency fr distribution for NiN and NP2N FD SOI MOS-
FETs from 18 dies on each HR-SOI and TR-SOI wafers.

with A = 511522 — 521512. The maximum available gain definition is only valid

in the case of a stable device, i.e. k > 1. Another approach to extract fi,qz is

using the unilateral gain (ULG) which is defined as the maximal available gain

of a device when the stability is ensured by using a lossless feedback network to

cancel the reverse transmission of the device. This gain is defined as:
1 g2l

ULG = 2=

2 kS| = R()

- (4.26)
S12 S12

It is interesting to point out that ULG and MAG present similar values [35] if
the definition of ULG and MAG is taken at intersection cross at 0 dB. From the
simplified small signal equivalent circuit, the maximum oscillation frequency is
given by the following relation [33, 36]:

Im 1

fmaz ~
ATCos (14 Ge2) J9a(Ry + Ry) + § 024 (Rogm + G22)

(4.27)

Ideally fy,q. has direct correlation with fr. Nevertheless, gate resistance R, has
a tremendous effect on f,,, and it depends on process conditions and topology
of the transistors. In this work, we used the MAG definition extrapolated to cross
at 0 dB. Figure 4.24 illustrates the distribution of the extracted f,q, respectively
for NiN and NP2N devices from 18 dies on each HR-SOI and TR-~SOI substrates.
It can be seen that f,,q; increases on TR-SOI wafer for both NiN and NP2N
doping transistors which could be related to the decrease of Cys as depicted in
Fig. 4.28.

4.2.3 Small signal equivalent circuit model parameters

S-parameters measurements were carried out using an Anritsu vector network
analyzer from 40 MHz upto 40 GHz, on the different FD SOI MOSFETSs on
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Fig. 4.24: Maximum oscillation frequency f,q. distribution for (a) NiN and (b)
NP2N FD SOI MOSFETsS from 18 dies on each HR-SOI and TR-SOI wafers.

both HR-SOI and TR-SOI wafers. Two different sets of data in cold FET and
saturation conditions are used after a de-embedding procedure to extract the
extrinsic and intrinsic parameters as in the small signal equivalent circuit model
in Fig. 4.25. The cold bias condition settle a drain voltage equal to zero and
gate voltage is biased from -1 to 3 V.

G Rge | Coai  Rgai ! Rae b
O—AMA I} A —AM—O
1 1
1Cqsi 1
1 ) 1
! Sne*(§)  ==Cor ZGul
1 1
1Rgsi 1
1
1

Fig. 4.25: Small signal equivalent circuit model used for modelling the parasitic
resistances and capacitances with separating block between extrinsic (denoted
as “e¢”) and intrinsic (denoted as “i”).

Extrinsic resistances
In Fig. 4.25 the dotted box differentiates between the intrinsic (active zone)
and extrinsic (outside) elements of a typical equivalent circuit for a MOSFET
transistor [36, 37]. The parasitic extrinsic resistances (Rse, Rge, (being the source
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and drain resistances) include metallic losses and contacts resistances between
the metal and the source and drain implants. The gate resistance Ry, includes
the resistance of gate fingers and metallic lines that connect the gate fingers
together to the reference plane [35]. The extraction of the intrinsic elements
from the S-parameters is very sensitive to the values of the extracted extrinsic
resistances. The extraction of these extrinsic resistances is achieved using the
coldFET method proposed by Bracale et al. [38] and reviewed by Tinoco et al.
[37] to provide an ideal value of the parasitic resistances extracted over a wide
frequency range. The method is based on inversion-regime, where the transistor
is extracted at Vgg > Vip. These parasitic resistances can be extracted from the
approximation in Eq. 4.28 to 4.30 [39, 40]:

1
R(Z11 — Z12) = Ry — Ton (4.28)
1
%(ZQQ - Zlg) = Rd + gT (429)
1

Since MOSFETSs channel conductance, gq is proportional to (Vg — Vip,), the
extrinsic resistances can be obtained with a simple linear regression as a function
of term (1/(Vg — Vip)). For symmetrical devices for source and drain, one
should find Rs and Ry nearly equal to each other. Fig. 4.26 shows the extracted
extrinsic elements for the measured FD SOI MOSFETs with an NP2N channel
doping profile as function of the gate width W and gate length L. R, Rq and R,
are quite similar when comparing both HR-SOI and TR-SOI technologies. The
slight variation of R, could be related the process conditions and transistors
topology rather than the substrate properties.

Intrinsic parameters
The dotted box in Fig. 4.25 illustrates the intrinsic part of the small signal
equivalent circuit of the MOSFET transistor almost related to the active area
of the device. The extractions of the intrinsic Z-parameter elements (Z;,;) can
be obtained from the subtraction of the extracted extrinsic resistances from the
measured Z-parameters (Z.,:) using the following relation

Ry + R, R,
R, Rq+ R,

As depicted from the equivalent circuit model in Fig. 4.25, the intrinsic elements
contain three capacitances Cys, Cgq and Cys (being the total gate-to-source,
gate-to-drain and drain-to-source capacitances, respectively). These intrinsic
capacitances can be extracted either when the transistor is operated in the
on-state, or in the off-state. The latter, outline the deep depletion regime of
the transistor, i.e negative value of Vg and Vpg = 0V. The direct extraction
method introduced by Raskin et al. in [36] is then applied. Under this bias

|Zzn‘ = |Zext| - (431)
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Fig. 4.26: Variation of the extrinsic elements, Ry, RqandR,, for an NP2N doping
SOI MOSFET (a) over gate width W, and (b) over gate length L.

condition, the gate transconductance and output conductance of the transistor
are negligible. The drain and source capacitances should theoretically result
in almost similar values as a result of symmetrical transistor operations in
off-state condition. Cys and Cyq in the off-state contain the contribution fring-
ing capacitances, overlap capacitances, and the body depletion capacitances [31].

For on-state, the transistor is biased in saturation and strong inversion regime
i.e. Vps = 1.5V and Vg is at the bias point of interest, Vgg > V. The gate
transconductance and output conductance are extracted at this condition as the
transistor in the on-state condition. The capacitances extracted at this regime
correspond to the total capacitances i.e. Cys, Cyq and Cg,. The extraction of
both off- and on-state elements was performed using direct extraction method
[36]. The different parameters are obtained from the transformed Z;,; to Y-
parameters and are given by:

ot = —%2(:}2) (4.32)
~3(Yas) + 3(Yi2)

Cay = =201 (4.34)

gm = Y21 — Y12 (4.35)

ga = R(Ya2) (4.36)
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Fig. 4.28 illustrates the extracted intrinsic capacitances as function of gate width
W and length L for NP2N doping profile FD SOI MOSFETs. Cys and Cyq
show almost similar extracted value on both HR-SOI and TR-SOI technologies,
whereas, Cy, is more than 15% lower on TR-SOI.
Table 4.2 summarizes the extracted extrinsic and intrinsic parameters for the
different FD SOI MOSFETs measured on both HR-SOI and TR-SOI wafers.
The intrinsic transconductance G,,; and conductance Gg4,; extracted values are
quite similar on both technologies.
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Fig. 4.27: Variation of the intrinsic parameter Cy, for an NP2N doping SOI
MOSFET (a) over gate width W, and (b) over gate length L.
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Fig. 4.28: Variation of the intrinsic parameters Cys/Cyq for an NP2N doping
SOI MOSFET (a) over gate width W, and (b) over gate length L.
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Extrinsic and Intrinsic equivalent circuit model parameters

Redi
wafer Doping Lg(um) W (um) Rg(Q) Rd(Q) Rs(Q) Rsd (Q) Cgs (fF) Cgd (fF) Cgg(fF) Cgs/Cgd Cds(fF) Rgsi(Q) (Q) Gdsi(ms) Gmi(ms) Gmi/Gdsi tau
HR-SOI  NP2N 15 15 11,9 637 48 112 477 95 572 5,02 374 931 422 0,513 8,95 17,44 10,8
HR-SOI NiN [S) 15 12,7 6,54 481 11,35 524 102 626 S5 389 5,88 374 129} 12,6 9.76 8,116

TR-SOl  NP2N 15 15 127 575 46 10,35 445 89 534 5,00 35 9,8 30,4 0,6 9 15 11,1
TR-SOI NiN 15 15 13,7 619 476 10,95 483 96,2 579 5,02 34,5 5,79 26,5 i3 12,2 938 838

TR-SOI

TR-SOl  NP2N 2 10 52 131 10,7 23,8 384 65 449 5,90 27 17 72,5 0,16 4,5 28,12 165

Table 4.2.: Summary of the extracted extrinsic and intrinsic equivalent circuit
parameters for the investigated FD SOI MOSFETs on HR-SOI and TR-SOI
technologies.
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4.3 SUBSTRATE CROSSTALK AND DIGITAL SUBSTRATE NOISE
ISSUES

Reduction of the coupling through the substrate and isolation are critical areas
of concern for RF SoC applications. SOI CMOS technology has stimulated the
trend to integrate RF analog circuits with baseband digital circuitry onto silicon
substrate. However, hybrid systems fabricated on Si based substrates suffer from
substrate coupling due to the impact of digital switching noise. Voltage varia-
tions into silicon substrate propagate to the area of sensitive analog/RF circuits
and interfere with their operation [41]. The degree of coupling among various
silicon process depends on device type (passive elements, nMOS, pMOS,; ...) and
wafer type/structure (bulk, SOI, ...) [42]. Isolation between analog and digital
parts with guard rings [43], metal Faraday cages [44], buried layers or deep n-
well trenches and separation of the supply nets are methods to reduce coupling
mechanisms through the common substrate [45, 46].

4.3.1 Substrate crosstalk on TR-SOI

The experimental crosstalk structure used to investigate substrate coupling con-
sists of two identical metallic pads embedded in a coplanar structure for RF
probe measurements, which represent the noisy aggressor and the victim, as
shown in the insight of Fig. 4.29. The rectangular metallic pad size is of 50
pum (W) x 150 pm (L), and they are spaced by 50 pm (S). The efficiency of
the TR-SOI is assessed by measuring the crosstalk level (S2;) in the frequency
range of 10 MHz up to 25 GHz. A pure capacitive coupling is depicted in Fig.
4.29 for TR-SOI with a characteristic 20 dB/dec slope over the whole frequency
range. A reduction by more than 15 dB is observed at 100 MHz for TR-SOI
at 0 V compared with the HR-SOI counterpart where conductive effects in the
substrate associated with parasitic surface conduction at the SiO3/Si interface
increases RF substrate losses. Such highly conductive layer underneath the BOX
was modelled by an inversion resistance on p-type oxidized HR-Si substrate as in
Section 2.3.1. The crosstalk level decreases for negative bias as a deep depletion
is formed below the BOX, whereas it is enhanced and exhibits higher cut-off fre-
quency for positive bias where the accumulation increases below the oxide. Such
bias dependency is totally suppressed on TR-SOI wafer, thanks to the high den-
sity of traps which stabilize the whole wafer and show a pure capacitive coupling
behaviour over the measurable frequency range [12]. As previously investigated
in Chapter 2 in Section 2.3.2, the trap-rich HR-Si substrate can really be consid-
ered as lossless Si-based substrate and was modelled by a simple pure capacitive
network.
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Fig. 4.29: Measured crosstalk vs frequency on HR-SOI and TR-SOI substrates
under different front bias conditions.

4.3.2 Impact of Digital substrate noise on FD SOl MOSFET RF
performances

Design of mixed-signal ICs and SoC applications suppose the resolution of cou-
pling challenges of the significant digital switching noise which is injected into
and propagate through the shared substrate degrading the performance of ana-
log/ RF blocks. The generated digital noise expands from few hundreds of kHz
to several MHz, corresponding to multiples of the clock signal. The distribu-
tion of the clock peaks current generates a considerable amount of the substrate
noise strongly coupled via junction capacitances and capacitive coupling between
source/drain, the back gate node and the substrate. The propagation of substrate
noise through HR-SOI and TR-SOI is investigated by measuring the frequency
spectra at the MOSFET’s drain when a clock noise is injected in the vicinity of
the transistors via a metallic pad 350 pm away from the device.

The test structure consists of a metallic pads located at a fixed distance from a
intrinsic doped (NiN) FD SOI n-MOSFET (see Fig. 4.30). The 350 pm distance
between the noise injection RF pads and the transistor was calculated based
on the minimum distance, fixed by the design rules to separate two orthogonal
RF pads, which is 200 gm for our 3-port RF measurement setup. The on-wafer
measurements were performed using a Cascade Probe station with an Agilent
E8267D RF generator which provide a 900 MHz RF input signal at -7 dBm
and Agilent E4440A spectrum analyzer connected to the drain output port. The
measurements of the digital substrate noise were performed in the saturation
regime (Vgs = 2 V, and Vpg = 1.5 V). We consider such region as the “on
state” of the transistor which gives the maximum of g,, and thus the highest fr.
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Fig. 4.30: Cross-section of the FD SOI MOSFET transistors with noise pad on
(a) HR-SOI and (b) TR-SOI wafers.

The conclusions are the same if the transistor is biased in linear regime.

A Keithley K2636A pulse source-meter generates either digital or sinusoidal 5 V
peak-to-peak AC signal as shown in the setup Fig. 4.31. A DC voltage source-
meter was coupled via a bias T with Vpo=-10 V to set a deep depletion region
underneath the BOX.

FD SOl MOSFET

Transistor bias

Fig. 4.31: On wafer probe station with substrate noise injection setup.

Firstly we considered only the digital or sinusoidal noise source injected via
a coplanar RF probe, and we measured the spectrum of the transmitted noise
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signal at the drain node. The transistor is biased at saturation whereas the RF
input signal is turned OFF.
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Fig. 4.32: Frequency spectrum of measured digital noise signal on (a) HR-SOI
and (b) TR-SOI substrates at clock frequencies of 50 KHz.
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Fig. 4.33: Frequency spectrum of measured digital noise signal on (a) HR-SOI
and (b) TR-SOI substrates at clock frequencies of 500 kHz.

Fig. 4.33 shows the directly coupled digital noise signal when the RF input
signal is OFF. A clock noise frequency of 500 kHz (5 V peak-to-peak) is injected
through the noise RF pads faraway 350 pum from the transistor. The recorded
output spectrum is measured at the drain port of the transistor. Although it
was expected that at such low frequencies the BOX layer of the SOI technology
provides a high isolation level, the presence of highly conductive surface layer at
the BOX/HR-SOI interface leads to coupling and propagation of the large noise
signal. However, in the case of TR-SOI wafer in Fig. 4.33 (b) the directly coupled
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Fig. 4.34: Frequency spectrum of measured digital noise signal on (a) HR-SOI
and (b) TR-SOI substrates at clock frequencies of 10 MHz.
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Fig. 4.35: Power levels of the digital (a) and sinusoidal (b) noise frequencies
injected nearby NiN and NP2N FD SOI MOSFETSs on both HR-SOI and TR-
SOI wafers when RF input signal is OFF.

noise is highly reduced. The largest noise peak at 500 kHz is -50.51 dBm whereas
it is reduced to -77.47 dBm on TR-SOI. The power level of the coupled noise is
reduced by more than 25 dBm when the square noise frequency varies from 500
kHz up to 50 MHz as depicted in 4.35, (a) for digital and (b) for sinusoidal noise
sources. A deep depletion is formed under the BOX when a negative DC bias is
added to the clock frequency, therefore the coupled noise decreases by 10 dBm
comparing to its level at 0 V which is in good correlation with previous results
using a passive crosstalk structure (as observed in Fig. 4.29).

It is interesting to note that the magnitude of the noise coupling depends on the
distance between the noise source (aggressor) and the victim. However, the main
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purpose of our analysis was to evaluate the relative impact of the trap rich layer
on the substrate noise coupling. The comparison between the values obtained
with HR SOI and TR SOI is of interest, knowing that the absolute values will
vary with the distance between the noise injection RF pads and the transistor.
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Fig. 4.36: Output spectrum around 900 MHz for FD SOI MOSFET on (b) HR-
SOI and (b) TR-SOI when noise frequency of 50 kHz is in injected.
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Fig. 4.37: Output spectrum around 900 MHz for FD SOI MOSFET on HR-SOI
(b) and TR-SOI (b) when noise frequency of 500 kHz is in injected.

The digital substrate switching noise generates a mixing product with a fun-
damental f. input RF signal applied at the gate of the transistor. The injected
digital noise near to the active device generates N harmonics f. - NX f,0ise and
fe + NX froise as shown in Fig. 4.34. By measuring the difference between the
fundamental 900 MHz input signal amplitude and the injected noise amplitude
Fig. 4.37 shows a reduction by more than 25 dB on the TR-SOI wafer compared
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Fig. 4.38: Output spectrum around 900 MHz for FD SOI MOSFET on HR-SOI
(b) and TR-~SOI (b) when noise frequency of 10 MHz is in injected.
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to its initial HR-SOI counterpart when a 500 kHz square signal of 5 V peak-to-
peaks is injected. The generation of these mixed products of the RF input and
noise signal at the drain output node can be explained by the substrate noise
coupled at the back-gate of the FD SOI transistor which modulates its active

zone.

The detected mixed noise level over a clock frequency range from 50 kHz up to 50
MHz is reduced by more than 20 dB as shown in Fig. 4.39 which confirms the ef-
ficiency of the commercially available TR-SOI substrate to reduce the switching
noise between digital and analog/RF blocks on the same chip. However, at low
noise frequencies below 200 kHz the coupled signal is much higher on TR-SOI
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Fig. 4.40: Low frequency measured crosstalk on HR-SOI and TR-~SOI substrates.

than in HR-SOI. Such results correlate with crosstalk measurement in Fig. 4.40
where the trap-rich passivated wafer show a conductive behaviour with a cut-off
frequency close to 200 kHz. While the buried oxide layer is supposed to provide
good isolation and reduced crosstalk on both SOI wafers, it is seen that TR-SOI
add a resistive behaviour at low frequencies. However, this conductive behaviour
at lower frequencies was not depicted on HR-Si wafer passivated using a trap-rich
polysilicon layer deposited by LPCVD technique at 625°C. We claim that the
trapping capabilities of TR-SOI wafers is reduced due to the thermal budget of
SOI CMOS smart-Cut process where the different annealing steps could affect
the trap-rich layer topology and thus reducing its traps density.

4.4 CONCLUSIONS

By comparing RF performance of HR-SOI and TR-SOI technologies we aim
to show the improvement in terms of insertion loss reduction for CWP lines,
electrical crosstalk and linearity of the silicon-based substrates. In fact, mea-
surement results indicate a significant improvement such as reduced substrate
RF losses by more than 0.3 dB/mm on TR-SOI wafer compare with HR-SOI.
The correlation between the substrate effective resistivity and the generated
harmonic distortion along a CPW line demonstrated the efficiency of a TR-SOI
substrate as a viable solution for RF front modules integration. Passive elements
including inductors, capacitors, filters and interconnections are essential in
integrated RF FEM. As such passive element occupy substantial area, it is
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critical to reduce losses, non-linearity and substrate coupling that degrade RF
performance of these passive components. The non-linearity of the substrate
sensed through a thick-metal spiral inductor structure was investigated. Small-
and large-signal measurement indicate a significant improvement in the quality
factor as well as reduction of the non-linearity behaviour on trap-rich passivated
wafer compare to its HR-Si counterpart. Such improvement enables to build
high performance matching networks, couplers and active circuits such a VCO
and multi-band power amplifiers on top of quasi-lossless TR-SOI substrate.
The excellent matching between the experimental static and RF characteristics
of measured FD SOI MOSFETSs on top of HR-SOI and TR-SOI wafers clearly
demonstrate that it does not alter the DC or RF behaviour of SOI MOS
transistors. The main variation of Vin, Gmmaz, and fr more related to the
process variability rather than the presence of traps underneath the BOX.
Using UCL academic CMOS process we only designed n-type fully depleted
(FD) MOSFET to check the CMOS compatibility and performance of active
devices on TR-SOI wafers. Actually, we are currently investigating commercial
n-type and p-type MOS devices with different gate geometries (gate length from
0.26 to 1 um and gate width from 2 to 10 um). The preliminary results confirm
that the transistor behaviour (n- or p-type) is not affected by the presence of
traps underneath the BOX.

As the trap-rich introduced layer is deposited underneath the BOX, to
further stabilize the whole handle substrate, reducing the BOX thickness has
no significant effect on the measured substrate losses as previously investigated
in Roda-Neve PhD thesis [47]. However, the coupling effect and the substrate
non-linearity increase when the oxide thickness is scaled down. On another
hand, it would be interesting to note that thanks to the thin BOX, the back-gate
control schemes has demonstrated a tremendous improvement in ultra-thin
silicon thick (UTB SOI) and thin buried oxide SOI (UTBB SOI) devices [24].
The trap-rich technology enables the integration of a localized doped silicon film
underneath the buried oxide that can be used as back-gate control of UTBB
transistors.

The efficiency of TR-SOI to reduce substrate crosstalk and digital switching

noise is demonstrated. A reduction by more than 15 dB is achieved at 100 MHz
for TR-SOI compare with HR-SOI in terms of substrate crosstalk. The trap-rich
HR-Si substrate can really be considered as lossless Si-based substrate with RF
performance comparable to GaAs and sapphire types of substrates.
With its linear behaviour and an adequate level of isolation, TR-SOI technology
could be considered as an excellent solution for integration of highly perfor-
mance passive elements, analog/RF and digital circuits in RF FEM for SoC
applications.
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CHAPTER 5

EFFECT OF TEMPERATURE ON RF
PERFORMANCES OF HR-SI, TRAP-RICH
HR-SI, HR-SOI, TR-SOI AND POROUS SI
BASED SUBSTRATES

HE evolutionary demand to co-integrate complex high-speed digital circuits
with high performance RF analog and RF MEMS devices on the same chip
have resulted in the need to develop CMOS compatible substrate technology. In
addition there is a concerted efforts and research to develop wireless sensors that
operate in harsh environment for monitoring electric machinery, automotive,
aerospace engine monitoring [1, 2]. These systems will utilize robust and effi-
cient high power devices that are operable over an extended temperature range
(—55°C to 200 °C). For most the commercially available Si-based integrated cir-
cuits the maximum rated ambient temperature is 85 °C which is sufficient for
portable, communication and computing product applications. Military and au-
tomotive applications are typically rated to 125°C [3]. High temperature effects
in bulk CMOS technology is a major concern due to leakage current that con-
tribute to higher junction temperature. As digital and RF/analog blocks are
built on the same substrate the interconnection temperature and power dissi-
pation increase. Buried insulator layer in Silicon-on-Insulator technology greatly
reduces the leakage path associated with the drain and source p-n junctions and
extend the operating temperature in the range of 300°C [4, 5]. SOI structure
provides also improved latch-up immunity which increases the reliability of the
circuit operation at higher temperature. Another major advantage of SOI over
bulk-Si technology as was already mentioned in the first chapter is its compati-
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bility with high-resistivity substrates.

The previous chapter has described RF losses, non-linearity and substrate cou-
pling effects on commercially available [6] HR-SOI and trap-rich SOI (TR-SOI)
wafers before and after CMOS process.

In this chapter focus is put on low and high temperature effects on the RF per-
formance of Si-based substrates. Table 5.1 summarizes the different investigated
substrates through this chapter. In the first section, substrate RF losses, non-
linearity and crosstalk on oxidized n-type HR-Si and trap-rich HR-Si wafers are
investigated by means of experimental and simulation results over a large tem-
perature range from —120°C upto 255°C, and compared with lossless quartz
substrate used as a reference. Next, the RF performance as function of tem-
perature of commercial n-type HR-SOI and TR-SOI wafers which received a
standard clean-room process [7] are compared with oxidized HR-Si wafers with
and without a passivation polysilicon layer. Then, we aim to investigate the RF
properties of HR-SOI and TR-SOI substrates after a standard CMOS process at
extreme temperature operation. As already mentioned in the previous chapter,
the trap-rich HR-SOI technology is compatible with the CMOS process thermal
budget. The efficiency of TR-SOI technology will be investigated by means of
experimental small and large-signal measurement at low and high temperature.
Another CMOS compatible substrate that consists of locally grown thick porous
Si (PSi) on bulk standard Si wafers is described in the last section of this chap-
ter. Small and large-signal high frequency measurements as function of high
temperature on trap-rich HR-Si, porous Si substrates are compared with their
corresponding initial HR-Si and standard-Si substrates, respectively.

5.1 RF CHARACTERIZATION OF HR-SI AND TRAP-RICH HR-SI
SUBSTRATE AT AMBIENT TEMPERATURE

5.1.1 Substrate losses and non-linearity

The first three wafers in Table 5.1 were processed using a standard clean
room process. A set of CPW lines with characteristic impedance of 50 ) were
fabricated on top of oxidized HR-Si substrate (4 kQ2.cm), with and without a
passivation polysilicon layer as shown in Fig. 5.1. The 400 nm-thick trap-rich
layer was fabricated by low-pressure-chemical-vapour-deposition (LPCVD) at
625°C. A 50 nm-thick oxide layer was grown on top of the Si wafers by wet
thermal oxidation at 950°C. RF performance of these oxidized HR-Si and
HR-Si + PolySi wafers will be compared with a reference quartz lossless and
linear substrate. The strip, slot and planar ground widths of the 1 pm-thick
aluminium CPW lines were 26, 12 and 208 um, respectively.

On-wafer RF small-signal measurements were made using an Agilent PNA-X
vector network analyzer [8] from 10 MHz up to 26.5 GHz. A set of a specific
de-embeding structures are used for accurate device parameters extractions.
The attenuation and effective resistivity of the investigated substrates are
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Thermal Trap-rich . . Si
oxide [T Thicki Maximum P Thick
Wafers X ype B annealing thickness ype ickness | p (Q.cm)
diffenes (nm) Temperature (um) (Hm)
tsioz (NM) i ™
HR-Si 50 950 °C N 525 >4k
HR-Si + LPCVD .
Polysi 50 PolySi 400 950 °C N 525 >4k
Quartz 750 pm
HR-SOI ™
without 400 thsmartl E”td " N 725 >3k
CMOS ermal budge
TRSOI Not Smart Cut™
without 400 A |° o 2000 | marl b” deet N 725 >3k
CMOS vallable ermal buage:
HR-SOI
after CMOS process
cMOos 400 thermal budget N 725 >3k
TR-SOI
after 400 A N,I"tbl 2000 tEMOS r£°ffsst N 725 >3k
CMOS \Vvallable ermal buage:
Std-Si 500 950 °C P 525 0.005
HR-Si 500 950 °C N 515 >4k
HR-Si + LPCVD .
et 500 Polysi 500 950 °C N 515 >4k
P Si
orous St 500 950 °C 200 P 525 0.005
(PSi)
Table 5.1.: Investigated wafers description, thickness and type of layers.
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Fig. 5.1: Schematic of a CPW transmission line fabricated on (a) a HR-Si and
(b) Trap-Rich Si substrates.

extracted from the measured S-parameters using the method described in [9].
Fig. 5.2 (a) shows the measured attenuation of a 2,146 um-long CPW line at
room temperature and zero bias, on top of HR-Si, trap-rich HR-Si and quartz
substrates. The passivated HR-Si 4+ PolySi wafer shows the lowest attenuation
level. The CPW lineic losses are reduced by more than 0.3 dB/mm at 5 GHz
on trap-rich HR-~Si compare with the initial HR-Si handle wafer. The substrate
losses are reduced when a highly density of traps freezes the excess carriers



116 EFFECT OF TEMPERATURE ON RF PERFORMANCES OF SI-BASED SUBSTRATES

attracted at the top of Si surface by the positively charged fixed oxide charges.
The same CPW line structure was simulated using 2D physics ATLAS Silvaco
simulator [10] on n-type HR-Si with nominal resistivity p = 4kQ.cm (defined
by a donor doping value Ny = 1.1 x 10'2/em?). As was investigated in Lederer
[11] and Roda-Neve [12] PhD thesis, the oxide charges located at the Si-SiOq
interface are the main contributors to the creation of an accumulation or
inversion layer below the oxide, depending on the type of the Si substrate.
A fixed charge density of @y = 10" /ecm? is considered in our simulations
which create an non-homogeneous highly conductive accumulation layer that
describes the parasitic conduction effect on oxidized HR-Si substrate. The
introduction of high density of traps was simulated using two different ways.
The first approach considers the introduction of high-enough density of interface
traps Dy = 2.10' /em?/eV to overcome the parasitic surface effect. Interface
defect traps are activated at a discrete energy levels within the bandgap of the
semiconductor Si substrate. The second approach consists on introducing a 400
nm-thick PolySilicon layer where an energy distribution of defect states in the
bandgap of the polysilicon material is defined.

The defect states within the polysilicon layer are defined by the sum of
two exponential tail distributions near the conduction and valence bands
and two deep levels with Gaussian distribution [10]. Typical polysilicon pa-
rameters that provide better qualitative description are summarized in Table 5.2.

Using AC analysis in Atlas simulator the capacitance and conductance data
are calculated. The attenuation, characteristic impedance of the CPW line and
the effective resistivity are then extracted using RLCG model as explain in
Chapter 3. Simulated CPW lines attenuation in Fig. 5.2 (b) shows a reduction
by more than 50 % when interface traps or polysilicon layer with defect states
is introduced underneath the oxide layer.

The extracted effective resistivity p.rs sensed by the CPW line from mea-
surement and simulation results fall down to less than 200 2.cm on oxidized
HR-Si substrate compared with its initial nominal 4 kQ.cm resistivity as shown
in Fig. 5.3 (a) and (b), respectively. Such reduction of the effective resistivity
is mainly caused by the highly conductive accumulation layer at the Si-SiO5 in-
terface simulated by the introduction of fixed charges density Q. As explained
in Section 2.2 the accumulation layer underneath the oxide drastically decreases
the resistivity of the substrate and spreads over a depth of approximately 3 pm.
The results presented in Fig. 5.3 clearly indicate that thanks to the introduction
of a high density of interface traps or defect states formed in the polysilicon layer
the nominal high resistivity of the initial HR-Si wafer is fully recovered.

The characterization of the non-linear properties of HR-Si with and without
the passivation layer and quartz substrates is achieved using an one-tone char-
acterization setup based on a 4-port Agilent PNA-X vector network analyzer
(VNA). An input 900 MHz signal with a power level from -25 to 25 dBm is
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Parameters Description Values Units
mun Electrons mobility 300 cm?/Vs
mup Holes mobility 30 cm?/Vs

Density of acceptor-like states in the tail distribution 21 3
NTA at the conduction band edge. 10 cm”/eV
NTD Density of donor-like states in the tail distribution at 10% am?/ev

the valence band edge
WTA Characteristic decay energY for the tail distribution 0.033 oV
of acceptor-like states
WTD Characteristic decay energy for the tail distribution 0.049 oV
of donor-like states
NGA Total density of acce.pto.r—llk.e states in a Gaussian 1.5% 107 P
distribution
NGD Total density of dohor.—llke‘ states in a Gaussian 1.5% 107 P
distribution

Energy that corresponds to the Gaussian distribution

EGA peak for acceptor-like states. This energy is 0.62 eV
measured from the conduction band edge

Energy that corresponds to the Gaussian distribution

EGD peak for donor-like states. This energy is measured 0.78 eV
from the valence band edge.
WGA chara.cte'rlstl.c decay energy er a Gaussian 0.15 oV
distribution of acceptor-like states
characteristic decay energy for a Gaussian

WGD distribution of donor-like states 0.15 eV

Table 5.2.: Polysilicon parameters used in Atlas simulator.
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Fig. 5.2: (a) Measured CPW lines lineic losses on HR-Si, HR-Si + 400 nm-
thick PolySi and quartz substrates, (b) Simulated CPW lines lineic losses on
HR-Si (4 kQ.cm, Qf = 10 /em?), HR-Si (4 kQ.cm, Q; = 101/cm?) +
D;y =210 /em? /eV, HR-Si (4 kQ.cm, Q¢ = 10" /em?) + 400 nm-thick PolySi
substrates at ambient temperature.



118 EFFECT OF TEMPERATURE ON RF PERFORMANCES OF SI-BASED SUBSTRATES

" —— HR-Si
=@ HR-Si + PolySi
—r— Quartz

—4—Qr 10"
—8— Q~10' + D=2.10"
—— Q10" (DZ0)+ PolySi

Py l82-Cm]

Pegy [£2-cm]
3
L 4

=]
*
L 3

L 4
<

0.5 1 15 2 25 3 3.5 4 4.5 5 10
Frequency [GHz]

(a) (b)

Fig. 5.3: (a) Measured effective Si resistivity of CPW lines on HR-Si, HR-Si +
400 nm-thick PolySi and quartz substrates, (b) Simulated effective Si resistivity
of CPW lines on HR-Si (4 kQ.cm, Q; = 10''/cm?), HR-Si (4 kQ.cm, Q; =
10" /em?) + Dy = 2.10M /em?/eV, HR-Si (4 kQ.cm, Q¢ = 10 /em?) + 400
nm-thick PolySi substrates at ambient temperature.
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Fig. 5.4: Harmonic distortion for a input signal at 900 MHz of a 2,146 um-
long CPW line on HR-Si, HR-~Si + 400nm-thick PolySi and quartz substrates at
ambient temperature.

injected into the CPW line and the output generated harmonics are detected.
Fig. 5.4 shows the 27¢ and 3"¢ harmonic distortions which correspond to the
levels of signal power at 2"¢ and 3" times of the fundamental signal frequency
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generated due to non-linearity of the substrate. CPW lines on oxidized HR-Si
wafer present significant harmonic level, -30 dBm at an input power of + 25
dBm. The 2" harmonic distortion on the passivated wafer is reduced by more
than 60 dB at + 25 dBm compare with the non passivated HR-Si substrate as
depicted in Fig. 5.4. The introduction of the trap-rich passivation layer reduces
the CPW line losses and harmonic distortions, fully recovering the HR-Si
characteristics of the substrate.

5.1.2 Substrate crosstalk on HR-Si and HR-Si 4+ PolySi wafers at ambient
temperature

The experimental crosstalk test structure consists of two identical rectangular
metallic pads (50 x 150 um) spaced by 50 um and embedded in a coplanar
structure for RF probe measurement as shown in the inset of Fig. 5.5 (a). The
coupled electrical signal through the common substrate is assessed by measuring
the crosstalk level (Sa21). As previously investigated in Chapter 2 the substrate
crosstalk behaviour was modelled by a lumped equivalent circuit where the Sa;
curves on oxidized HR-Si wafer presents a conductive and capacitive coupling
zones above 10 MHz as show in Fig. 5.5 (a). A flat response zone describes the
conductive behaviour at the Si-SiO, interface as demonstrated by simulating
the same crosstalk structure on oxidized HR-Si substrate when including a
certain density of oxide charges Q¢ = 10! /em? as shown in Fig. 5.5 (b). As
previously obtained from small-signal measurement using CPW lines, the low
extracted effective resistivity on oxidized HR-Si substrate confirms the impact
of the highly conductive accumulation layer underneath the oxide to increase
the substrate coupling effect. The reduction of the crosstalk levels is achieved by
the introduction of interface traps or defect states in a 400 nm-thick polysilicon
layer. Measurement and simulation results presented in Fig. 5.5 (a) and (b),
respectively, show a pure capacitive coupling with a characteristic of 20 dB/dec
slope over the whole frequency range [13], similarly to the lossless reference
quartz wafer. The crosstalk is further reduced due to the lower dielectric constant
of quartz (3.7). Indeed, to further reduce the substrate coupling effect at higher
frequencies other substrates with lower permittivity than that of Si should be
used. The passivated HR-Si handle wafer was modelled by a simple capacitive
lumped equivalent model as described in Section 2.3.2. We note that the
fluctuations in the measurement results on passivated HR-Si and quartz wafers
are mainly related to the experimental setup errors at frequencies below 40 MHz.
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Fig. 5.5: (a) Measured Substrate crosstalk on HR-Si, HR-Si 4+ 400nm-thick
PolySi and quartz substrates , (b) Simulated Substrate crosstalk on HR-Si
(4 kQ.cm, Q¢ = 10 /em?), HR-Si (4 kQ.cm, Qf = 10" /em?) + D =
2.10'" /em?/eV, HR-Si (4 kQ.cm, Qf = 10! /em?) + 400 nm-thick PolySi sub-
strates at ambient temperature.

5.2 HR-SI, TRAP-RICH HR-SI AND QUARTZ SUBSTRATES RF
PERFORMANCE AT LOW AND HIGH TEMPERATURES

The influence of temperature on the lineic CPW lines losses, effective resistivity
and non-linearity behaviour of HR-Si substrate with and without passivation
polysilicon layer can be used the expect the RF performance of these substrates
for high temperature RF applications. To this end, small and large signal mea-
surements were performed on oxidized HR-Si, passivated HR-Si and quartz sub-
strates as function of temperature and on wafer measurements were made over
the temperature range from —120°C upto 255°C.

For high temperature control a Temptronics 8-inch thermo-chuck is provided (see
Fig. 5.6). Ground-signal-ground (GSG) (150 pm-pitch) high frequency Z probes
from Siiss”™ are used for signal measurements over the temperature range from
25°C upto 255°C. The wafer chuck is set to the desired temperature and held
constant for 15 min to allow the substrate to be at a uniform temperature. A
thru-reflect-line (TRL) [14, 15] calibration is performed at each temperature to
eliminate the pad parasitics and obtain the intrinsic S-parameters of the DUT.
A cryogenic LakeShore Model CRX-4K on wafer probe station is used to mea-
sure large and small-signal RF characteristics of passive CPW lines and crosstalk
structures. Fig. 5.7 shows the cryogenic measurement setup, where we used ni-
trogen to cooldown the temperature at —120°C.
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Fig. 5.6: On-wafer probing with Temptronics High Temperature control station.

Fig. 5.7: Cryogenic measurement setup.

5.2.1 Substrate losses, effective resistivity and non-linearity variation with
temperature

The variation of the lineic losses at 5 GHz for a temperature range from —120°C
to 255 °C is represented in Fig. 5.8 (a). The results of 2 D numerical simulations
in Fig. 5.8 (b) on HR-Si (4 kQ.cm) that include a constant fixed charge density
of @ = 10''/cm? with and without an interface traps density are in good
agreement with measurement results.
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Fig. 5.8: (a) Measured variation of lineic losses at 5 GHz of a 2,146 um-long
CPW line on HR-Si, HR-Si 4+ 400nm-thick PolySi and quartz substrates, (b)
Simulated variation of lineic losses at 5 GHz of a 2,146 pum-long CPW line
on HR-Si (4 kQ.cm, Qf = 10" /em?), HR-Si (4 kQ.cm, Q; = 101/em?) +
Djy = 2.10' /em? /eV, HR-Si (4 kQ.cm, Q7 = 10! /em?) + 400 nm-thick PolySi
substrates with temperature.

The losses increase with respect to temperature due to the increase of intrinsic
carriers n;(T) in the substrate as shown in equation 5.1.
Where Ej is the silicon band gap, k is Boltzmann’s constant and g is the electron
charge.

s E
ni(T) = 3.3 x 1015T36xp(—ﬁ) (5.1)

The majority carriers concentration given by the equation 5.2, indicate that the
majority carriers density is defined by the doping level at lower temperatures,
whereas at certain high temperature value it becomes equal to n; (increasing
function of T') leading to silicon intrinsic properties [16].

Ng+ /(Ng)2 + 4n?
n:niexp(q;%): at (2‘1) +ang (5.2)

As the temperature increases the impact of the interface traps is lowered. In
fact, lineic losses of the CPW line on the trap-rich substrate is as lower as
0.3 dB/mm up to 175°C, while it increases rapidly for higher temperatures.
The trap-rich passivation layer is efficient for trapping the mobile carriers
generated at the Si/SiOy interface and not in the substrate volume. The
trapping capabilities of the passivated HR-Si substrate are maintained when
handle wafer is cooled down, whereas for oxidized HR-Si substrate an increase
RF losses is depicted which can be explained by an increase of carriers mobility
at cryogenic temperatures.

The effect of low and high temperature on HR-Si and HR-Si 4+ PolySi sub-
strates as function of frequency are shown in Fig. 5.9 and Fig. 5.10, respectively.
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Both HR-Si and HR-Si 4+ PolySi show a slight increase of CPW lineic losses upto
175°C. Beyond this temperature both wafers behave as low resistivity substrate
with high RF losses because of the increase of the mobile carriers density.
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Fig. 5.9: Measured lineic losses of a 2,146 pm-long CPW line on HR-Si substrate
(a) at low temperature and (b) at high temperature.
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Fig. 5.10: Measured lineic losses of a 2,146 pum-long CPW line on HR-Si +
400nm-thick PolySi substrate (a) at low temperature and (b) at high tempera-
ture.

The measured lineic losses on quartz wafer in Fig. 5.11 outlines the increase
of conductor losses with temperature, which increases the total lineic losses of
the CPW line.

The simulated lineic losses on HR-Si at low and high temperature conditions as
function of frequency, when considering a fixed charge density of Qs = 10! /em?,
in Fig. 5.12 is in perfect agreement with measurements shown in Fig. 5.9. Never-
theless, when introducing a high density of interface traps D;; = 2.10! /em?/eV,
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Fig. 5.11: Measured lineic losses of a 2,146 pm-long CPW line on quartz substrate
at high temperature.

or considering a 400 nm-thick polysilicon layer, only high temperature condition
has an impact on carriers distributions and trapping properties as displayed in
Fig. 5.13 and 5.14, respectively. Substrate losses increases beyond 175°C, as de-
picted from measurement results and was mainly attributed to the increase of
substrate carriers concentration.
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Fig. 5.12: Simulated lineic losses of a 2,146 pm-long CPW line on HR-Si (4
kQ.cm, Q5 = 10" /em?) substrate (a) at low temperature and (b) at high tem-
perature.

The extracted effective resistivity from measurement and simulations results
on the investigated substrates in Fig. 5.15 (a) and (b), respectively, show a good
agreement. Indeed, p.ry on HR-Si wafer without polySi exhibits lower values
either at high temperature or at low temperature going down from 207 Q.cm at
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Fig. 5.13: Simulated lineic losses of a 2,146 pum-long CPW line on HR-Si (4
kQ.cm, Q¢ = 101 /em?) + D;; = 2.10" Jem? /eV substrate (a) at low tempera-
ture and (b) at high temperature.
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Fig. 5.14: Simulated lineic losses of a 2,146 pm-long CPW line on HR-Si (4
kQ.cm, Q5 = 10" /em?, D;; = 0) + 400 nm-thick PolySi substrate (a) at low
temperature and (b) at high temperature.

ambient temperature to less than 20 .cm at —120°C and 255 °C as can be seen
in Fig. 5.16 (a) and (b), respectively. Such reduced effective resistivity is mainly
related to the increase of carriers inside the substrate at higher temperature [17],
whereas the mobility increases at lower temperature. The effective resistivity and
thus substrate RF losses become independent on the doping level of the handle
wafer. These measured results are in good agreement with simulated effective
resistivity at low and high temperature conditions on HR-Si substrate consider-
ing the effect of a fixed charge density and without interface traps as observed
in Fig. 5.18 (a) and (b), respectively.

The trap-rich passivated substrates effective resistivity remains as high as 1
kQ.cm (i.e., the substrate remains quasi-lossless) for lower temperature condi-
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tions from —120°C upto 135 °C which suggests that the efficiency of the intro-
duced high density of interface traps is enough to maintain the high resistivity
properties of the trap-rich HR-Si wafer. As the temperature increases beyond
135 °C the effective resistivity decreases to the intrinsic properties of the Si sub-
strate as depicted in Fig. 5.17 (a) and (b), respectively. Simulated effective re-
sistivity on oxidized HR-Si with a trap-rich layer was achieved by considering
two methods, one using a high density of interface traps and the second by sim-
ulating a 400 nm-thick trap-rich polysilicon layer underneath the oxide. A high
and low temperature, the two methods qualitatively agree with the measurement
results as can seen in Fig. 5.19 when considering interface traps and in Fig. 5.20
simulating a trap-rich polysilicon layer.

The high resistivity observed on passivated wafer is explained by the trapping
of most of mobile carriers at grain boundaries, leaving few of them to contribute
to the conduction. As the temperature increases, the number of trapped carriers
does not increase appreciably resulting in sharp reduction in effective resistiv-
ity. The electrical conduction properties in polycristalline silicon is influenced by
carrier trapping at the grain boundaries [18]. Indeed, the high concentration of
defects and dangling bonds at the grain boundaries provides a high density of
trapping states that creates a potential barriers which impede the transport of
free carriers between the grains.
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Fig. 5.15: (a) Measured variation of the effective resistivity at 5 GHz of a 2,146
pm-long CPW line on HR-Si, HR-Si + 400 nm-thick PolySi and quartz sub-
strates, (b) Simulated variation of the effective resistivity at 5 GHz of a 2,146
pm-long CPW line on HR-Si (4 kQ.cm, Q¢ = 10! /em?), HR-Si (4 kQ.cm,
Qr = 10" /em?) + Dy = 2.101 Jem? /eV, HR-Si (4 kQ.cm, Q5 = 10! /em?) +
400 nm-thick PolySi substrates with temperature.

L L L
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To further analyze the electrical and physical behaviour of oxidized HR-Si
substrates with and without trap-rich passivation layer as function of temper-
ature effect, a simple MOS structure was simulated using Atlas simulator. The
multilayer structure consists of a 50 nm-thick oxide layer on top of 300 pm-thick
HR-Si substrate and top and back aluminium bias electrodes as seen in the inset
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Fig. 5.16: Measured effective resistivity of a 2,146 pm-long CPW line on HR-Si
substrate (a) at low temperature and (b) at high temperature.
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Fig. 5.17: Measured effective resistivity of a 2,146 pym-long CPW line on HR-
Si + 400 nm-thick PolySi substrate (a) at low temperature and (b) at high
temperature.

of Fig. 5.21. The n-type doping value of Ny = 1.1 x 10'?/em? correspond to
a resistivity of 4 kQ2.cm. The resistivity profile versus depth of the substrate is
extracted using the equation 5.3.

1 1
Py = ) T ey Mm@ ey iy )
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Fig. 5.18: Simulated effective resistivity of a 2,146 pm-long CPW line on HR-Si

(4 kQcm, Q5 = 10 /em?) substrate (a) at low temperature and (b) at high
temperature.
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Fig. 5.19: Simulated effective resistivity of a 2,146 um-long CPW line on HR-
Si (4 kQ.cm, Q5 = 10''/em?) + Dy = 2.10' /em? /eV) substrate (a) at low
temperature and (b) at high temperature.

where ¢ is the electron charge, n and p, p,, and p, the electron and hole concen-
tration and mobility, respectively.

Because of the metal-semiconductor work-function difference and the fixed oxide
charges (Qy = 10" /em?) the accumulation layer underneath the oxide drasti-
cally decreases the resistivity of the substrate over a depth of approximately 10
pm. Due to this parasitic surface conduction effect the resistivity at the substrate
surface drops down to less than 10 Q.cm at ambient temperature. Fig. 5.21 (a)
and (b), show the extracted resistivity vs. substrate depth at low and high tem-
perature conditions, respectively on oxidized HR-Si substrate without interface
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Fig. 5.20: Simulated effective resistivity of a 2,146 pm-long CPW line on HR-Si
(4 kQ.cm, Qf = 10 /em?, Dy = 0) + 400 nm-thick PolySi substrate (a) at low
temperature and (b) at high temperature.

traps (D;;= 0). It can be seen that at cryogenic temperatures the resistivity is
slowly decreased, both at the SiO5/Si interface (Y7= 0.1 pm) or in the substrate
volume (Yy= 100 pm), due to the increase of carriers mobility as depicted in
Fig. 5.23 (b).

As the temperature increases beyond 175°C the bulk resistivity drops to less
than 200 Q.cm as can be observed in Fig. 5.21 (b), and also the depletion width
underneath the oxide layer decreases due to the increment of intrinsic carrier
concentration (presented in Fig. 5.23 (a)). These results are in good agreement
with previous measurements and simulations of the CPW line structure on oxi-
dized HR-Si substrate without passivation trap-rich layer.

To overcome the effect of the conductive layer underneath the oxide, a high
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Fig. 5.21: Simulated resistivity vs. substrate depth for n-type HR-Si substrate
(4 kQ.cm, to, = 50 nm, Q; = 10 /em?) (a) at low temperature and (b) at high
temperature.
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enough density of traps (D = 2.10' /em? /eV) is introduced to completely ab-
sorb the accumulation layer, thereby enabling the substrate to recover its nominal
resistivity. At lower temperature conditions, the increase of substrate resistivity
(presented in Fig. 5.22 (a)) is directly related to the absorption of free carriers
at the Si03/S1 interface, where it can be seen that carriers concentration shown
in Fig. 5.23 (b) drops when higher trap densities are present at the substrate
surface (Y7= 0.1 pm).

When the temperature increases the trap-rich passivated substrate resistivity
decreases as shown in Fig. 5.22 (b). This is a direct consequence of the intrinsic
carrier concentration increase inside the substrate (presented in Fig. 5.23 (a)).
Even if the trap-rich passivation layer is efficient for trapping mobile carriers at
the Si04/Si interface and not in the substrate volume, oxidized HR-Si substrate
with or without traps density becomes intrinsic at higher temperature beyond
175°C. These results agree with the increased substrate losses and decreased
effective resistivity extracted from CPW line characterization.
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Fig. 5.22: Simulated resistivity vs. substrate depth for n-type HR-Si substrate
(4 kQ.cm, to, = 50 nm, Qf = 101 /em?) + Dy = 2.101 /em? /eV (a) at low
temperature and (b) at high temperature.

Regarding the non-linear behaviour of the investigated substrates with tem-
perature, harmonic distortion measurements were made for a fundamental tone
at 900 MHz and input power sweep from -25 to 25 dBm. CPW lines on oxidized
HR-Si substrate present significant 2"¢ and 3"¢ harmonic distortion levels at
ambient temperature, but a slight variation with temperature is depicted in Fig.
5.24 (a) and (b), respectively. The variation of 2"¢ harmonic distortion as func-
tion input power at low and high temperature is very small as presented in Fig.
5.25 (a) and (b), respectively. In correlation with measurements and simulations
of the effective resistivity variation with temperature, the oxidized HR-Si wafer
is considered as lossy and non-linear substrate due to the conduction effect at
the Si-SiO, interface.
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Fig. 5.23: Simulated (a) electron concentration and (b) electron mobility vs.
temperature : at the SiO2/Si interface (Y7= 0.1 um) and at the substrate volume
(Yy= 100 pm), for n-type HR-Si (4 kQ.cm, t,; = 50 nm, Q; = 10 /em?)
without (D;; = 0) and with interface traps (D = 2.101 /em? /eV).
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Fig. 5.24: Variation of (a) 2"¢ and (b) 3"¢ harmonic distortions with temperature
of a 2,146 pum-long CPW line on the investigated substrates.

From Fig. 5.24 (a) and (b) both 2"? and 3"¢ harmonic distortions increase

when temperature raise up or cool down on trap-rich HR-Si wafer. Although, the
trap-rich passivation solution recovers the high resistivity properties and reduce
the non-linearity behaviour of HR-Si wafer by more than 50 dB at ambient
temperature, the trapping mechanisms inside the polysilicon layer are highly
dependent on high temperature condition.
The variation of 2*¢ harmonic distortion as function of input power at low and
high temperature on trap-rich HR-Si wafer is shown in Fig. 5.26 (a) and (b),
respectively. It can be seen that higher temperature increases carriers distribution
inside the substrate and thus its non-linearity.
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Fig. 5.25: Measured 2"¢ harmonic distortion of a 2,146 pum-long CPW line on
HR-Si substrate (a) at low temperature and (b) at high temperature.
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HR-Si + 400nm-thick PolySi substrate (a) at low temperature and (b) at high
temperature.
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5.2.2 Effect of temperature on HR-Si and trap-rich HR-Si substrates
crosstalk

Fig. 5.27 (a) and (b) displays the effect of low and high temperature, respectively,
on substrate coupling in oxidized HR-Si wafer. The figure outlines that substrate
crosstalk is temperature dependent. In fact, as the number of intrinsic carriers
increases at high temperature more free carriers contribute to the conduction
path between the two rectangular taps. A highly conductive flat zone describes
the resistive effect associated to the substrate resistances.

Due to their high resistivity characteristics the trap-rich HR-Si exhibits a pure
capacitive coupling behaviour into the substrate. With the increased temperature
up to 175 °C a strong resistive coupling path occurs accurate and the efficiency of
trap-rich layer is degraded as depicted in Fig. 5.28 (b). As the effective resistivity
decreases at higher temperature lower than 20 Q.cm as previously shown in Fig.
5.17 (b) the substrate coupling effect on the trap-rich passivated substrate is
almost similar to the crosstalk levels on top of oxidized HR-Si wafer. As expected
from CPW line measurements, the trap-rich HR-Si coupling effect exhibit no
dependence with respect to the low temperature variation as presented in Fig.
5.28 (a) where a pure capacitive coupling behaviour is clearly obtained.
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Fig. 5.27: Measured substrate crosstalk on HR-Si substrate (a) at low tempera-
ture and (b) at high temperature.

5.3 RF CHARACTERIZATION OF COMMERCIAL HR-SOI AND TR-SOI
WAFERS WITHOUT CMOS PROCESS COMPARED TO HR-SI
AND TRAP-RICH HR-SI WITH TEMPERATURE

It was demonstrated in the previous section by means of measurements and
simulations that particularly high temperature condition degrades drastically
the RF performance of passivated trap-rich HR-Si wafer. HR-SOI substrates
are equivalent to the oxidized HR-Si wafers, where they share almost the
same multilayer stack configuration. Moreover, on HR-SOI structure the fixed
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Fig. 5.28: Measured substrate crosstalk on HR-Si + 400 nm-thick PolySi sub-
strate (a) at low temperature and (b) at high temperature.

charges in buried oxide layer (BOX) lead to a significantly high parasitic surface
conduction effect at the Si-SiO5 interface as that occurs in oxidized HR-Si
substrate. However, the HR-SOI wafer provided using a smart-cut process [19]
involves several annealing and bonding steps that can eventually introduce
contaminants or defects at the bonding interface. A 400 nm-thick buried oxide
layer is thermally grown for HR-SOI and trap-rich-SOI (TR-SOI) wafers,
which corresponds to the typical value used in industrial manufacturers for
RF communication systems. The thin top active silicon film is removed using
TMAH (tetramethylammonium hydroxide) etching technique (10 % at 85°C
during 60 s) [20], prior to the metallization of CPW lines.

In this section, we intend to compare the effect of temperature on RF perfor-
mance of oxidized HR-Si with commercial HR-SOI wafers with and without
trap-rich passivation layer. All compared wafers were processed using a standard
clean room process with 1 ym-thick Al metallization and are defined as follow:
. HR-Si: 50 nm-thick thermal oxide on top of HR-Si (4 k€2.cm) handle substrate,
. HR-Si + PolySi: 50 nm-thick thermal oxide + 400 nm-thick LPCVD polysili-
con on top of HR-Si (4 kQ.cm),

. HR-SOI without CMOS: HR-SOI commercial wafer (> 3 kQ.cm) with 400
nm-thick BOX,

. TR-SOI without CMOS: TR-SOI commercial wafer (> 3 kQ2.cm) + 2 pm-thick
trap-rich layer with 400 nm-thick BOX.

5.3.1 RF characterization of the investigated wafers at ambient
temperature

Firstly, the small and large signal measurements on the investigated substrates
are compared at ambient temperature. The attenuation and effective resistivity
of 2,146 pm-long CPW line with dimensions W= 26 um, S= 12 um, and W=
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208 pm are shown in Fig. 5.29 (a) and (b), respectively. Although, their initial
nominal resistivity is in the same order of magnitude, substrate losses on the
oxidized HR~Si is much more higher than that of the HR-SOI wafer. The thin 50
nm-thick oxide layer used in the case of oxidized HR-Si wafer with a high den-
sity of oxide charges may increases the surface conduction and thus decreases
proportionally the surface resistivity. It is clear that the parasitic surface con-
duction effect at the Si-SiO interface degrades significantly the HR properties
of the oxidized HR-Si substrate leading to an effective resistivity lower than 100
Q.cm as shown in Fig. 5.29 (b). In the case of HR-SOI wafer, the quality of the
grown 400 nm-thick thermal oxide was improved after the different annealing
steps of the smart-cut SOI process [21]. Moreover, the fabrication steps of the
latter process may introduce defects and contaminants at the bonding interfaces
[22] which slow down the conductive effect at the Si-SiOg interface and thus
increases the effective resistivity of the whole wafer.

The highly non-linear behaviour of the oxidized HR-Si wafer compared with the
HR-SOI substrate shown from the 2"% and 3"¢ harmonic distortions in Fig. 5.30
confirms the previous results. In fact, the distortion due to the substrate non-
linearities increases with the decrease of the effective resistivity extracted from
the small-signal measurements. The 2% harmonic level is 20 dB higher in the
case of the oxidized HR-Si which tell us about the spatial charges distribution
and thus the electric filed variation inside the substrate that can be translated
to a non-linear equivalent substrate conductance and capacitance of the CPW
line.

The introduction of a trap-rich passivation layer reduces the PSC effect and
stabilizes the whole HR-Si and HR-SOI wafers in terms of high resistivity and
lowering the harmonic distortion generation. Indeed, Fig. 5.29 (a) and (b) display
that HR properties of oxidized HR-Si and HR-SOI wafers are recovered and p.y
> 3 kQ.cm at 5 GHz on TR-SOI wafer is achieved. The 2"¢ harmonic distortion
decreases by more than 55 and 35 dB, respectively, on trap-rich HR-Si and TR-
SOI wafers compare with their initial HR-Si and HR-SOI substrate. Although
a thicker 2 pm-thick trap-rich layer was used for the TR-SOI wafer compare
with only 400 nm-thick LPCVD polysilicon on trap-rich HR-Si wafer, substrate
losses and non-linearities on the latter are the lowest. Several factors can influ-
ence the trapping capabilities of the trap-rich passivation layer, starting from
the deposition techniques and post-annealing steps that impact its morphologi-
cal characteristics [23]. As the traps are mostly formed at the grain boundaries
where they are associated with silicon dangling bonds, the grain boundary sur-
face has to be maximized to achieve a high trap density. Trap-rich layer with
uniform small grain size and columnar structure [24] have been proven to effi-
ciently recover the nominal resistivity of HR-Si substrate with p > 5 kQ2.cm.
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Fig. 5.29: Measured (a) CPW lines lineic losses and (b) effective resistivity on
HR-Si, HR-Si + 400 nm-thick PolySi, HR-SOI and TR-SOI without CMOS
process substrates at ambient temperature.
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Fig. 5.30: Harmonic distortion for a input signal at 900 MHz of a 2,146 um-
long CPW line on HR-Si, HR-Si + 400 nm-thick PolySi, HR-SOI and TR-SOI
without CMOS process substrates at ambient temperature.

5.3.2 RF characterization of the investigated substrates with temperature

The capability of SOI CMOS technology to operate at large temperature range
from —55°C to a practical limit of approximately 300 °C has been demonstrated
[25] as the best compromise for low power consumption, low leakage current, bet-
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ter isolation and higher integration. This section intends to compare temperature
effect on RF performance of trap-rich HR-Si and HR-SOI wafers. As previously
mentioned, all wafers received a standard clean room process to pattern CPW
line structures. Two different setups were used to measure small and large-signal
data at low and high temperatures. Fig. 5.31 (a) and (b) display the variation
of CPW line lineic losses and effective resistivity as function of temperature
extracted at a constant frequency (5 GHz). Both trap-rich HR-Si and TR-SOI
wafers exhibit the lowest RF losses below 175°C (Fig. 5.29 (a)), whereas the ef-
fective resistivity is maintained higher than 1 kQ2.cm upto 125°C (Fig. 5.31 (b)).
Although, the trap-rich HR-Si wafer presents a 400 nm-thick LPCVD polysilicon
passivation layer compare with 2 pm-thick trap-rich layer used for the TR-SOI
wafer, the measured CPW lineic losses are slightly higher on the latter. The high
annealing temperature (1,100 °C) used through the Smart-Cut SOI process [19]
assures a high quality thermal oxide, whereas it regenerates partially the crys-
talline properties of the deposited trap-rich layer and thus reduces its trapping
capability. As the temperature increases, the effective resistivity is lowered simi-
larly on both wafers due to the increase of intrinsic carriers inside the substrate
as previously explained.

Regarding non-linear behaviour of the investigated substrates, the measured 2"¢
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Fig. 5.31: Variation of (a) CPW lines lineic losses and (b) effective resistivity at
5 GHz of a 2,146 pm-long CPW line on HR-Si, HR-Si + 400 nm-thick PolySi,
HR-SOI and TR-SOI without CMOS process substrates with temperature.

and 37¢ harmonic distortion levels as function of temperature at an input power
of 15 dBm in Fig. 5.32 (a) and (b) outline that substrate distortion increases at
extreme temperature operation. The substrate distortion is mainly governed by
the 2"? harmonic component at 1.8 GHz. From Fig. 5.32 (a), it can be observed
that the harmonic distortion levels on trap-rich HR-Si and TR-SOI wafers is
lower than harmonic distortion specification for RF switches [26] in the tem-
perature range from —75°C up to 135 °C. In correlation with previously shown
effective resistivity and CPW line lineic losses variation with increased temper-
ature, the non-linearity of the substrate increases on both trap-rich HR-Si and
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TR-SOI wafers. The lower harmonic distortion levels on TR-SOI wafer compare
with the trap-rich HR-Si could be related to thinner oxide layer in the case of
oxidized HR-Si sustrate (50 nm instead of 400 nm in the case of HR-SOI and
TR-SOI substrates). At lower temperature, the increase of substrate harmonic
distortion is mainly attributed to the increase of carriers mobility.
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Fig. 5.32: Variation of (a) 2"¢ and (b) 3"¢ Harmonic distortions of a 2,146 pm-
long CPW line on HR-Si, HR-Si + 400 nm-thick PolySi, HR-SOI and TR-SOI
without CMOS process substrates with temperature.

5.4 RF PERFORMANCE OF HR-SOI AND TR-SOI WAFERS AFTER
CMOS PROCESS

CMOS-SO0I technology is already a leading technology in a wide range of applica-
tions, with substantial advantages compare with bulk CMOS, allowing optimiza-
tion for high temperature and extremely low voltage/ low power applications.
In the same time, SOI does not require major changes to the well-known and
well-mastered complementary metal oxide semiconductor (CMOS) process flow.
The CMOS process contains more than 8 thermal treatment steps made at tem-
perature range from 600 °C to 950 °C. The compatibility of SOI technology with
high-resistivity silicon substrates permits to realize high performance Tx/Rx
switches to increase the quality factor of inductors or tunable MEMS capaci-
tors and reduce substrate RF losses and coupling effects. However, as previously
investigated in the previous Chapter, the parasitic surface conduction effect at
the substrate surface due to highly conductive accumulation/inversion layer at
the SiO»-Si interface drastically degrades high resistivity properties of the HR-
SOI wafer. To further improve the high frequency performance of HR-SOI sub-
strates, commercially available trap-rich HR-SOI technology was developed [6]
and proven as a promote solution to overcome the PSC effect which is inherent
oxidized HR-Si wafers. It has been demonstrated from previous Chapter that
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CMOS process thermal budget does not affect DC or RF performance of SOI
CMOS transistors designed and processed on TR-SOI wafers [27].

Through this section, passive devices were fabricated using a standard SOI
CMOS process [7] and the passivation efficiency of TR-SOI substrates will be
investigated with respect to extreme temperature operation.

5.4.1 REF losses, substrate non-linearity and crosstalk at ambient
temperature

A 2000 pm-long CPW line structure is used to investigate RF substrate losses
and non-linearity behaviour and a two rectangular crosstalk structure with a
constant spacing of 50 pm is considered. Fig. 5.33 (a) and (b) displays CPW
lineic losses and extracted effective resistivity on both HR-SOI and TR-SOI
wafers after CMOS process at ambient temperature. It can be seen that the
introduced trap-rich layer decreases RF losses by more than 50 % and the high
resistivity properties of HR-SOI handle wafer are recovered. Substrate linearity
is improved on TR-SOI wafers as shown in Fig. 5.34 where the 2"¢ harmonic
distortion level is reduced by more than 25 dB compare with the initial HR-
SOI wafer. As presented in the previous Chapter from effective resistivity and
non-linearity measurements, CMOS process does not affect HR properties and
linearity of TR-SOI wafers in contrary to HR-SOI where its RF performance are
degraded as outlined in Section 4.1.

The increased effective resistivity on TR-SOI simultaneously reduces substrate
RF losses and coupling effects. This is observed from Fig. 5.35 where a significant
crosstalk reduction is achieved (more than 15 dB at 100 MHz). A pure capacitive
coupling behaviour is depicted through the entire measured frequency range,
which was modelled in Chapter 2 (Section 2.3.2) by a simple equivalent capacitive
model.
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Fig. 5.33: Measured (a) CPW lines lineic losses and (b) effective resistivity on
HR~SOI and TR-SOI after CMOS process substrates at ambient temperature.
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Fig. 5.34: Harmonic distortion for a input signal at 900 MHz of a 2,146 ym-long
CPW line on HR-SOI and TR-SOI after CMOS process substrates at ambient
temperature.
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5.4.2 RF characterization with temperature

CMOS SOI circuits and devices was demonstrated to have capability of suc-
cessful operation at temperature beyond 250°C [25]. This open new fields of
applications for co-integration of low voltage/low power, RF and high tempera-
ture circuits and devices on the same chip.

It is known from previous CPW and crosstalk measurements that the trap-rich
passivation solution is a promote technology to further improve the handle sub-
strate high resistivity properties for high performance RF applications. Measured
TR-SOI processed using a standard clean room process that involves only metal-
lization step has demonstrated its efficiency at extreme temperature operation,
up to 175°C. Additional measurements as function of temperature conditions
will be investigated on HR-SOI and TR-SOI wafers processed using a 1 pum-
standard CMOS process at UCL clean room. Multiple annealing steps were used
during this process to define the gate oxide and active zones for the SOI MOS-
FET transistors.

Temperature performance of the designed CPW and crosstalk passive structures
was measured by probing the wafers placed on cryogenic nitrogen cooled chuck or
a heated chuck as explained in Section 5.2. The lower temperature limit used of
the first experimental setup was —120 °C, whereas the upper temperature limit
of second setup was 255 °C.

Fig. 5.36 (a) and (b) display CPW lineic losses and extracted effective resistivity
on HR-SOI and TR-SOI wafers with respect to temperature variation. It is clear
that TR-SOI has a lower substrate losses and higher effective resistivity over a
large temperature range. The CMOS process thermal budget does not impact
the efficiency of the trap-rich passivation technique up to 135°C. As temperature
increases beyond this limit intrinsic carrier concentration increases and trapping
capability decreases, which is outlined by the increase of lineic losses, and de-
crease of the effective resistivity.

The variation of lineic losses on HR-SOI at low and high temperature as function
of frequency in Fig. 5.37 (a) and (b), respectively, indicate that substrate losses
increase for temperature as high as 175 °C, whereas lower temperature does not
have a significant effect. With a clear evidence that TR-SOI wafer exhibits lower
lineic losses (50 % lower than HR-SOI), its observed that losses increase again
beyond 175 °C. At cryogenic temperatures the fluctuation of lineic in Fig. 5.38.
losses could be attributed to the change substrate potential and also to the charge
potential at the grain boundaries due to the increase of carriers mobility.

As illustrated in Fig. 5.39 (a) and (b) the extracted effective resistivity on
HR-SOI wafer at low and high temperatures as function of frequency explains
the variation of substrate losses with temperature. In fact, a slight reduction is
seen at lower temperatures where p.¢s decreases at temperature beyond 175°C
and reach 20 Q.cm at 255°C.

The extracted effective resistivity on TR-SOI substrate at low temperature is
lowered by less than 10 %, whereas it decreases by more than 90 % as the
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Fig. 5.36: Variation of (a) CPW lines lineic losses and (b) effective resistivity
at 5 GHz of a 2,146 pym-long CPW line on HR-SOI and TR-SOI after CMOS
process substrates with temperature.
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Fig. 5.37: Measured lineic losses of a 2,146 ym-long CPW line on HR-SOI sub-
strate after CMOS process (a) at low temperature and (b) at high temperature.

temperature increases to 175 °C. Both the trapping capability of the trap-rich
passivation layer and the decrease of its nominal resistivity as well as the
nominal resistivity of the Si handle substrate are the main causes. In fact, due
to the increase of carriers concentration the initial HR wafer behaves as an
intrinsic silicon substrate with a nominal resistivity lower than 20 2.cm at 255 °C.

The non-linearity behaviour shown in Fig. 5.41 also highlights the substrate
resistivity degradation at extreme temperature operation. Both 2"¢ and 3"¢ har-
monic distortions increase when temperature decreases below —55 °C or increases
beyond 135 °C. This non-linearity behaviour is mainly associated to the carriers
distribution inside the substrate, which was described by a non-linear capaci-
tance and conductance equivalent elements [8].
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Fig. 5.38: Measured lineic losses of a 2,146 pm-long CPW line on TR-SOI sub-
strate after CMOS process (a) at low temperature and (b) at high temperature.
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Fig. 5.39: Measured effective resistivity of a 2,146 pm-long CPW line on HR-SOI
substrate after CMOS process (a) at low temperature and (b) at high tempera-
ture.

The extracted 2"? harmonic distortion of a 2,146 pm-long CPW line on
HR-SOI wafer at low and high temperature conditions in Fig. 5.42 shows a very
slight variation. Although, the measured effective resistivity increases beyond
175°C, it does not affect the non-linearity behaviour of HR-SOI wafer which
is already very high as the output power of the 2"¢ harmonic distortion is -40
dBm at an input power of 25 dBm. However, on TR-SOI wafer the non-linearity
increases either at higher or lower temperatures as displayed in Fig. 5.43 (a) and
(b), respectively. Such an increase of TR-SOI non-linearity can be attributed
to the increase of free carriers concentration within the substrate at high
temperature so that the efficieny of the interface traps is lowered. In addition,
the carriers initially frozen at the grain boundaries will be activated and may
change the charge distribution in the substrate, thus reducing the effectiveness
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Fig. 5.40: Measured effective resistivity of a 2,146 pm-long CPW line on TR-SOI
substrate after CMOS process (a) at low temperature and (b) at high tempera-
ture.
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Fig. 5.41: Variation of (a) 2"¢ and (b) 3"¢ Harmonic distortions of a 2,146 pm-
long CPW line on HR-SOI and TR-SOI after CMOS process substrates with
temperature.

of the trap-rich passivation layer.

The coupling through the common substrate is also influenced by the effect of
heating the wafer. Even a slight increase is depicted at low temperature on HR-
SOI substrate as in Fig. 5.44 (a), the crosstalk on TR-SOI remains unchanged
as shown in Fig. 5.45 (a). However, Fig. 5.44 (b) and Fig. 5.45 (b) outline that
the crosstalk level increases on both HR-SOI and TR-SOI wafers beyond 175 °C,

respectively.
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Fig. 5.42: Measured 2" harmonic distortion of a 2,146 pum-long CPW line on
HR-SOI substrate after CMOS process (a) at low temperature and (b) at high
temperature.
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Fig. 5.43: Measured 2" harmonic distortion of a 2,146 pum-long CPW line on
TR-SOI substrate after CMOS process (a) at low temperature and (b) at high
temperature.

5.4.3 Conclusion

Investigation of temperature effect on oxidized HR-Si, trap-rich HR-Si, HR-SOI
and TR-SOI wafers has demonstrated the efficiency to TR-SOI technology to
reduce substrate losses, coupling and non-linearity over a large temperature
range. The efficiency of interface traps within the trap-rich passivation layer is
reduced beyond 175 °C, which suggests another alternative with a high density
of traps over the whole substrate volume. The following section introduces a
locally grown porous silicon layer technique that enhaces the high resistivity
of the handle Si-based substrate and aims to compare the effect of high
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Fig. 5.44: Measured substrate crosstalk on HR-SOI substrate after CMOS pro-
cess (a) at low temperature and (b) at high temperature.
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Fig. 5.45: Measured substrate crosstalk on HR-Si + 400nm-thick PolySi sub-
strate (a) at low temperature and (b) at high temperature.

temperature on trap-rich HR-Si and porous Si RF performance.

5.5 RF PERFORMANCE OF LOCALLY GROWN POROUS SI
COMPARED WITH TRAP-RICH HR-SI TECHNOLOGY

For bulk CMOS technology a promising solution for on-chip passive integration is
to locally create a thick porous silicon (PSi) layer, with intrinsic high-resistivity
properties [28, 29]. PSi is today the only viable solution for achieving high re-
sistivity properties on standard-Si (std-Si) wafers while being compatible with
the high thermal budget of Si CMOS process [30]. Locally grown porous Si layer
(PSi) on Si substrate [31] permits to integrate isolated RF devices on a local area
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of the wafer, while other CMOS electronics are fabricated over the rest of the
wafer [32]. An additional advantage of PSi is its lower permittivity, four times
smaller than Si [33]. Lower permittivity values help reducing the crosstalk at high
frequencies (> 3 GHz) between devices fabricated on the same chip [34]. It also
allows the fabrication of high-impedance transmission lines with low attenuation
levels as the strip width dimension can be relaxed. In fact, integrated CPW lines
on porous Si substrate can present characteristic impedances as high as 145 )
[32, 34]. The choice between TR-SOI or locally grown PSi technology depends
on whether the used CMOS technology is bulk or SOI. They are not competitive
technologies as they cannot be used together within the same CMOS technology.
The use of TR-SOI seems being more easily done, as existing SOI CMOS circuits
can directly migrate into TR-SOI technology without any additional fabrication
steps. On the contrary, the PSi solution would need additional steps and dedi-
cated masks. Nevertheless, PSi could be better positioned for the fabrication of
RF circuits on Si, including high-quality passive elements, as cheap standard-Si
wafers can be used instead of TR-SOI.

In this section, advanced RF performance of porous Si and trap-rich HR-Si sub-
strates are investigated under small- and large-signal high frequency operation
and compared with their corresponding initial standard Si and HR-Si substrates,
respectively. The non-linear behaviour and the effect of temperature on the RF
properties of both PSi and TR-Si technologies are addressed.

Four types of substrate are compared: standard p-type silicon (1-10 2.cm), high-
resistivity silicon (> 4 kQ.cm), trap-rich HR-Si, and porous Si substrates. All of
them include a top 500 nm-thick oxide layer to electrically isolate the RF de-
vices from the Si substrate. PSi substrate (Fig. 5.46) consists of a locally formed
200 pum-thick porous silicon layer on p-type Si with resistivity in the range of
0.001-0.005 Q.cm, covered with 500 nm-thick SiO5 capping layer. The fabrica-
tion process of the thick porous Si layer has been described in details in [30]. It
includes electrochemical etching of the Si substrate in a 2 HF (50 %): 3 EtOH
(99.9 %) solution with a constant current density of J = 20 mA cm?. Trap-
rich HR-Si substrate consists of a n-type HR-Si wafer with a nominal resistivity
higher than 10 kQ.cm, and a layer of 500 nm-thick trap-rich poly-Si layer de-
posited by low pressure chemical vapor deposition (LPCVD) at 625 °C. The top
dielectric passivation layer is a 500 nm-thick TEOS SiOs.

The same set of CPW lines is integrated on the four investigated substrates.
The dimensions of the CPW line in Fig. 5.46 are: signal line width, W = 26 um,
signal line-to-ground plane distance, S = 12 pm, and ground width, Wg = 208
pm. On each substrate, a set of specific de-embedding structures is also included
for accurate device parameter extraction.
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trap-rich polySi layer

HR-Si (> 10 kQ.cm)

p-type Si (1-5 mQ.cm)

Fig. 5.46: Schematic of a CPW transmission line fabricated on a 200 pum-thick
porous-Si layer (left) and on Trap-Rich Si substrate (right).

5.5.1 RF characterization of Si-based substrates at ambient temperature

In order to obtain an initial RF performance comparison between the investi-
gated substrates, the CPW propagation and electrical substrate properties are
measured at 25°C.

5.5.1.1 Small and large-signal RF measurements of CPW

The RF losses as well as the effective resistivity p.ss of the wafers are extracted
from the measurements with the method explained in [9]. The CPW lines char-
acteristic impedance Z, was extracted using Dehan’s method [35]. We note from
Fig. 5.47 (a) that the extracted Z,. value for std-Si, HR-Si and TR-Si wafers is
around 50 Q while it is 95 2 on PSi substrate. The larger Z, value in the case
of CPW lines on PSi substrate is expected due to its lower relative permittivity
(er,psi = 3.5) compared with the Si value (e, g; = 11.9). The effective relative
permittivity (e,.5¢) as a function of frequency is presented in Fig. 5.47 (b). The
difference in the values of €, .5y between porous Si and HR-Si is representative
of the difference in the substrate relative permittivity (e,) as described by [36]:

er+1
Er,eff = B (5.4)

Equation 5.4 is valid for CPW line when the substrate can be considered infinitely
thick, which is true in our case since the following condition is maintained: h >
2(W + 2S5), with h equal to the total substrate thickness [36]. A comparison of
the attenuation coefficient (o) of the CPW lines made on the four substrates is
shown in Fig. 5.48 (a). It clearly shows the excellent RF lossless properties of TR~
Si and PSi substrates compared with their corresponding initial substrates, i.e.
HR-Si and std-Si, respectively. The losses at room temperature for TR-Si and PSi
substrates are around 0.35 dB/mm and 0.25 dB/mm at 30 GHz, respectively. The
lower attenuation of PSi compared with TR-Si is not entirely related to its higher
resistivity properties but also to the difference in the characteristic impedance as
expressed in Eq. 5.5. The following equation describes the attenuation constant
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Fig. 5.47: Extracted (a) characteristic impedances and (b) effective relative per-
mittivity on the investigated Si-based solutions at ambient temperature.

as function of the metal resistance (R), the substrate conductance (G) and the
characteristic impedance (Z.) at high frequencies [37].

R +§Z~ R
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The high-resistivity property of TR-Si and PSi substrates is confirmed by the
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Fig. 5.48: Measured (a) lineic losses and (b) effective resistivity on the investi-
gated Si-based substrates at ambient temperature.

extracted effective resistivity value shown in Fig. 5.47 (b). Despite its high nom-
inal resistivity, the effective resistivity sensed by the CPW line on HR-Si wafer
is only 200 Q.cm, which explains the high harmonic level (Fig. 5.49) measured
on both std-Si and HR-Si wafers [38]. Fortunately, the TR-Si and locally grown
PSi reduce substrate generated harmonics, thereby they have true high resistiv-
ity properties and a pss higher than 4 k{).cm. Both PSi and TR-Si substrates
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show harmonic distortion levels lower than the measurement noise floor (NF =
-110 dBm) at the power levels used in this work. The numerous traps created by
silicon dangling bonds in poly-Si are able to absorb the free carriers attracted at
the Si04/Si interface and greatly reduce substrate losses and non-linearity.
Porous silicon has a very high surface area. Therefore, it contains a high density
of Si dangling bonds and impurities such as hydrogen and fluorine that are resid-
uals from the electrolyte used during PSi formation. The electrical resistivity of
the PSi layer is very high due to its nano structure. The resistivity of porous
silicon changes with the porosity of the sample as it depends on the quantum
confinement, mobility and drift of the carriers, changes in the band structure,
temperature and on the medium inside the pores [39].

Fig. 5.49: Harmonic distortion for a input signal at 900 MHz of a 2,146 ym-long
CPW line on the investigated Si-based substrates at ambient temperature.

5.5.1.2 Substrate crosstalk on Si based substrates

The efficiency of the TR-Si and PSi Si-based solutions is assessed by measuring
the crosstalk level (S21). The experimental test structure consists of two identical
rectangular metallic pads (50 x 150 pm) spaced by 50 pm and embedded in a
coplanar structure for RF probe measurement as shown in the inset of Fig. 5.50.
A pure capacitive coupling is depicted in Fig. 5.50 for Trap-rich HR-Si and PSi,
with a characteristic 20 dB/dec slope over the whole frequency range [13]. PSi
exhibits 10 dB lower crosstalk level than TR-Si due to its lower permittivity
(see Fig. 5.47 (b)). These results clearly show the efficiency of TR-Si and PSi
solutions in minimizing the noise coupling. A reduction by more than 15 dB and
30 dB is observed at 100 MHz for TR-Si and PSi, respectively, compared with
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their initial counterpart HR-Si and std-Si substrates. Thanks to the combination
of high effective resistivity and low effective permittivity, PSi exceeds in the
crosstalk reduction.
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Fig. 5.50: Substrate crosstalk on the investigated substrates at ambient temper-
ature.

5.5.2 RF characterization of Si-based substrates at high temperature

In order to study the behaviour of Si-based substrates versus temperature, RF
measurements are performed at different temperatures, ranging from 25 °C upto
175°C. Two calibrations steps are applied to extract the transmission lines pa-
rameters. First, to set the measurement reference at the CPW probe tips, a SOLT
(Short-open-load-thru) calibration technique is done using a standard calibration
structures on an alumina substrate. Then, a TRL (Thru-reflect-line) calibration
is used to subtract the metallic CPW probe pad parasitics, and thus determine
the characteristics of the designed CPW lines. The latter step is repeated for
each temperature value. It is well known that the permittivity of Si does not
change when the temperature increases. As far as the structural properties of
TR-Si and PSi are stable with temperature their permittivity (and Z.) is stable.
As it is shown respectively, in Fig. 5.51 (a) and (b), the extracted Z, and &, ¢
parameters remain constant over the whole temperature range, confirming the
structural stability of both TR~Si and PSi substrates.

Regarding the extracted attenuation at 5 GHz as a function of temperature,
presented in Fig. 5.52 (a), we can conclude that for both TR-Si and PSi
substrates the improvement in term of losses compared with their respective
counterpart HR-Si and std-Si substrates is maintained over the whole tempera-
ture range. A gradual attenuation decrease on std-Si with temperature increase
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Fig. 5.51: Variation of the (a) characteristic impedance and (b) effective relative
permittivity as function of temperature at 5 GHz on the investigated substrates.

can be appreciated. Such lower attenuation, equivalent to a higher substrate
resistivity, is due to the mobility reduction of free carriers with increasing
temperature. On the other hand, and for all three high-resistivity substrates
(HR-Si, TR-Si and PSi) attenuation increases with increasing temperature.
This phenomenon is mainly due to the degradation of substrate resistivity with
temperature, confirmed by the extracted effective resistivity reduction that is
shown in Fig. 5.52 (b), and in smaller extend to the increase of metallic losses
with temperature. The conductive substrate losses of TR-Si [40] become the
dominant loss mechanism at 175°C due to the increase of intrinsic carriers and
also the depletion width underneath the metal is reduced due to the increment
of intrinsic carrier concentration. Such decrease of bulk resistivity increases the
substrate losses as previously investigated for HR-Si substrate in [41] where the
reduction of free carrier concentration inside the substrate to a value close to n;
highlighted its independent on substrate level doping above 175°C.

As it was proven in [8] that the total harmonic distortion is governed by
the 2nd harmonic component and strongly depends on the effective substrate
resistivity. Thus a reduction of the resistivity due to temperature results in an
equivalent increase of the substrate non-linearities. It is indeed the case for the
investigated TR-Si and PSi substrates as depicted in Fig. 5.53. The harmonic
distortion level of TR-Si and PSi increases and in the case of TR-Si it becomes
close to those of HR-Si and std-Si wafers at a temperature of 175°C.

5.6 CONCLUSIONS

The loss characteristics of TR-SOI wafers are compared regarding the trapping
capability of trap-rich passivation layer. It was demonstrated that the trap-rich
HR-SOI RF performances are maintained for a large temperature range from
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Fig. 5.52: Variation of (a) lineic losses and (b) effective resistivity at 5 GHz
of a 2,146 pm-long CPW line as function of temperature on the investigated
substrates.
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Fig. 5.53: Harmonic distortion of a 2,146 pm-long CPW line on the investigated
substrates with temperature.

—55°C up to 175°C. As the temperature increases both HR-SOI and TR-SOI
loose their high resistivity characteristics which mainly related to the increase of
intrinsic carriers density. Moreover, the interface traps efficiency is lowered for
higher temperatures, and such impact is more pronounced for TR-SOI wafers
which receive different annealing steps during the SOI process.

RF performance of TR-SOI wafers was investigated before and after CMOS pro-
cess, and it was demonstrated that the thermal budget of the CMOS process
does not affect TR-SOI high resistivity properties in terms of reducing substrate
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losses, non-linearity and crosstalk at extreme temperature operation when com-
pared with HR-SOI initial wafer.

The last part of this chapter introduces a high resistivity Si-based substrate, low
cost and CMOS compatible, which consists on locally formed thick porous Si
layer on a low resistivity Si wafer. RF performance of porous Si and trap-rich HR-
Si substrates was investigated by means of experimental small and large-signal
measurements at high temperature. The characterization of PSi and trap-rich
HR-Si substrates confirms the excellent properties of both materials in terms of
substrate losses and linearity when compared with standard Si and high resis-
tivity Si substrates. Nevertheless, our measurements showed that the porous Si
substrate exhibits reduced substrate losses compared with the trap-rich HR-Si
and lower harmonic distortion values. In addition, the tailored lower permittiv-
ity of PSi makes it more attractive for crosstalk reduction by more than 10 dB.
Despite of the reduction of their effective resistivity both Si-based solutions re-
main acceptable for RF applications at higher temperatures up to 175 °C, above
which they start suffering from significant RF losses and become comparable to
their corresponding initial substrates.
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CHAPTER 6

CONCLUSIONS AND PERSPECTIVES

6.1 CONCLUSION

6.1.1 TR-SOI a quasi-lossless RF substrate

The main objectives of this thesis was to complete previous research on engi-
neered RF substrate to assess the suitability of HR-SOI and trap-rich HR-SOI
technologies for co-integration of digital/analog, optical and RF passive/active
devices on the same chip.

6.1.1.1 HR-Si and trap-rich HR-Si substrate modelling

Through Chapter 2 electrical substrate crosstalk was investigated on HR-Si
and trap-rich HR-Si wafers over a wide frequency band has been analysed.
A lumped element equivalent circuit model from 100 kHz up to several GHz,
based on the physical understanding of substrate crosstalk, has been proposed
and compared with measurements and numerical simulations. It includes the
impact of parasitic surface effect (PSC) where the oxidized HR-Si handle wafer
loses it’s high resistivity properties mainly due to fixed oxide charges which
attract free carriers at the substrate surface creating a high conductive layer.
The introduction of a trap-rich layer at the oxide-Si substrate interface such as
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PolySi has been successfully simulated and allow to recover the nominal high
resistivity of the HR-Si handle wafer. Moreover, by means of simulations and
crosstalk measurements it has been proved that trap-rich HR-Si substrate is an
efficient solution to drastically reduce electrical coupling through the substrate
at frequencies below 10 GHz. Thanks to this trap-rich PolySi layer, a purely
capacitive lumped equivalent circuit that properly describes the quasi-lossless
HR-Si substrate was developed. This simple capacitive model can be used
by RF designers to build RF, analog and digital devices lying on a PolySi
trap-rich HR-Si substrate. By leveraging the excellent properties of the HR-Si
(or HR-SOI) for low loss RF, mixed mode and SoC applications, the TR-HR-Si
(HR-SOI) technology becomes highly competitive with traditionally well known
microwave substrates such as GaAs and SOS or SOQ. Its full compatibility with
SOI CMOS fabrication process provide a major advantage to integrate high
quality passive elements in multi-standard multi-band front end modules.

6.1.1.2 Photo-induced CPW RF switch and optical crosstalk on HR-Si and
trap-rich HR-Si

Recent advances in optically controlled devices on Si-based substrate has
currently made Silicon-on-insulator optoelectronic devices an increasingly
attractive area of interest with it’s truly CMOS processing compatibility.
However, it has been demonstrated that photogenerated carriers in HR-Si with
low excess carriers lifetime (7 = 107%s) spread over a large laterally area which
causes high optical crosstalk photo-generation rate which influences drastically
the behaviour and performance of neighbour interconnections and devices. As
investigated in Chapter 3 the trap-rich passivation technique has proved its
efficiency to reduce lateral photogeneration. Thanks to it high traps density
and recombination centers, the excess carriers life time can be altered and
photogenerated carriers are immediately recombined when generated.

The efficiency of the trap-rich polysilicon passivation technique to reduce lateral
carriers photo-generation has been demonstrated using physical simulations and
experimental measurements. In fact, it has been found that the optical crosstalk
is drastically reduced thanks to the high recombination rate in the PolySi layer.
A well-controlled process was developed to locally etch the polysilicon window,
which define the active area of the optically controlled CPW RF switch. The
efficiency of the new designed CPW RF switch on locally etched polysilicon
layer was compared to the literature as presented in Table 3.1. Depending on
the application, the dimensions of the trap-rich free area; i.e. where a highly
photo-conductive region is wanted, must be optimized in order to assure the
good performance of the optically controlled RF device under low optical
power and simultaneously minimize the optical crosstalk between the different
components when integrated in a System-on-Chip (SoC) application.
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6.1.1.3 Static and RF performance of passive and active devices on HR-SOI and
TR-SOI commercial wafers

In chapter 4, passive and active devices were fabricated using an academic 1 um
SOI CMOS process on top of commercial 200 mm HR-SOTI and TR-SOI both pro-
vided by Soitec. The non-linear behaviour, RF losses and substrate crosstalk are
experimentally investigated. The correlation between the substrate effective re-
sistivity and the generated harmonic distortion along a CPW line demonstrated
the efficiency of a TR-SOI substrate as a viable solution for RF front-end mod-
ules integration. Fig. 6.1 highlight the RF performance improvement of TR-SOI
technology compare with its HR-SOI counterpart and versus the ideal target.
Passive elements such as inductors, capacitors and interconnection transmis-
sion lines are widely used in the front-end blocks and cover a large area on the
chip. Enhancing RF performance of such passive on-chip components leads to
a significant improvement for whole front-end modules. Measurement results on
the trap-rich passivated HR-SOI substrate indicate a significant improvement in
terms of substrate RF losses, crosstalk and non-linearity reduction as well as
larger inductor quality factor Q compare with HR-SOI counterpart.

The excellent matching between the experimental static and RF character-
istics of measured FD SOI MOSFETSs on top of both HR-SOI and TR-SOI
clearly demonstrates that it does not alter the DC or RF behaviour of SOI MOS
transistors. The efficiency of TR-SOI to reduce substrate crosstalk and digital
switching noise is demonstrated. It provides a linear behaviour and an adequate
level of isolation that could be considered as an excellent solution for integration
of highly performance passive elements, analog/RF and digital circuits in RF
FEM for SoC applications. All these results correlate with the proposed pure
capacitive model that simplify and describes the quasi-lossless TR-SOI wafer.

HR-SOI
RF Loss

Thermal Conductivityg inearity Thermal Conductivityg

BreakDown Valtage®

BreakDown Valtage® High O Passives

Tunability

Tunability

Fig. 6.1: HR-SOI and TR-SOI substrate process performance versus ideal target.
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6.1.1.4 Impact of temperature on TR-SOI RF performance

Engineered substrate enable multiple technologies to be integrated on a single
chip. High voltage RF MEMS sensors and units, high temperature applications,
power management units and digital microprocessors and memories need to be
built around a single system-on chip when keeping low loss and low coupling
effect between the different blocks. In this context we investigate the efficiency
of trap-rich HR-SOI substrates at a large temperature range from —120°C up
to 255 °C by means of small- and large-signal measurements.

The loss characteristics, non-linearity and crosstalk on TR-SOI wafers regarding
the effect of temperature on its trapping capability were compared to HR-SOI
wafers. It was demonstrated that the effective resistivity was degraded on trap-
rich HR-SOI reaching almost 1 k Q.cm at 125 °C and becomes much lower than
that for high temperatures. As the temperature increases both HR-SOI and TR-
SOI loose their high resistivity characteristics which is mainly related to the
increase of intrinsic carriers density. Therefore, a solutions to reduce the impact
of intrinsic carriers thermally activated in the volume of the Si substrate is highly
required.

The characterization of porous (PSi) and trap-rich HR-Si substrates confirms the
excellent properties of both materials in terms of substrate losses and linearity
when compared with standard Si and high resistivity Si substrates. Nevertheless,
our measurements showed that the porous Si substrate exhibits reduced substrate
losses compared with the trap-rich HR-Si and lower harmonic distortion values.
In addition, the tailored lower permittivity of PSi makes it more attractive for
crosstalk reduction. Despite of the reduction of their effective resistivity both
Si-based solutions remain acceptable for RF applications at higher temperatures
up to 175°C, above which they start suffering from significant RF losses and
become comparable to their corresponding initial substrates.

6.2 PERSPECTIVES AND FUTURE WORK

With the continuing development of next-generation wireless communication sys-
tems, there has been a great interest to multi-mode multi-band building blocks.
HR-SOI CMOS technology has several advantages with the availability of high-
performance RF power switches and more than 65 % of fabricated handset
switches are SOI based.

The TR-SOI technology (commercially named as eSI substrate) has proven its
high RF performance compare to traditionally well known SOS, SOQ RF sub-
strates adding more compatibility with CMOS integration. Further research
should be conducted in the fabrication of RF circuits and blocks which will be
integrated in mixed mode circuits on TR-SOI. Moreover, with the scaling down
of transistor gate length and the emergence of UTB, UTBB, FD SOI MOSFET’s
and FInFETs A “A “More Moore” devices, it would be very interesting to eval-
uate the compatibility of the TR-SOI technology with such scaled technology
nodes. Further research covering the robustness of TR-SOI technology at harsh
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environment conditions (irradiation, temperature effect on active devices, ...)
will help evaluating the economical and efficiency performance of such TR-SOI
technology for fully integrated SoC.

In this dissertation our research main topics has covered substrate coupling ef-
fect through passive crosstalk structure and injection noise in the proximity of
single FD SOI MOSFET. While successful improvement in terms of reduction
of substrate crosstalk using trap-rich HR-SOI technology was achieved, it would
be very interesting to evaluate substrate coupling effect using a complex RF
circuits such as Low Noise amplifier (LNA), Power amplifier (PA) and voltage
controlled oscillator (VCO) and investigate how different block could alter the
RF performance of its neighbour circuit. The evaluation of different front end
blocks will offers the path towards to integrate all the modules on enhanced in-
tegrity HR-SOI (eSI HR-SOI) substrate. While investigating the efficiency of the
proposed technology for integration of FEM on HR-SOI, RF circuits on GaAs
or SOS substrates will migrate to a compatible SOI CMOS process.

Another interesting topic would be the modelling the coupling mechanisms
through the common silicon substrate on TR-SOI technology and how to in-
tegrate such simplified model in those of active devices and circuits. In fact, the
equivalent circuit model should be analysed and added to the design software
in order to emulate the real case of active and passive devices fabricated on eSI
HR-~SOI technology.






APPENDIX A

WAFERS LIST DESCRIPTION FOR EACH
CHAPTER

oxiae Irap-ricn S
Chapter Wafers | thickness: | Type Thickness | Type Thickness | p (Q.cm)
tsioz (nm) (nm) (nm)
Std-Si 145 nm
(thermal) P 525 20
HR-Si 145 nm
(thermal) P 725 Sk
HR-Si + 145 nm LPCVD
2 PolySi (thermal) PolysSi ~300 P 725 Sk
HR-Si + 3000 nm LPCVD
PolySi_1 (PECVD) PolySi ~76 P 725 Sk
HR-Si + 3000 nm LPCVD
PolySi_2 (PECVD) PolysSi ~172 P 725 Sk
HR-Si + 3000 nm LPCVD
PolySi _3 | (PECVD) PolysSi ~435 P 725 Sk
HR-Si 50 nm N 725 sS4k
5 (thermal)
HR-Si + 50 nm LPCVD
PolySi (thermal) PolysSi ~400 N 725 >4k
HR-SOI 400
(thermal) N >700 >3k
TR-SOI 400 Not
(thermal) Available 2000 N >700 >3k
HR-4k 150 P 725 >4k
4 (thermal)
HR-10k 150
(thermal) N 725 >10k
TR-4k 150 LPCVD
(thermal) a-Si 360 P 25 >4k
TR-10k 150 LPCVD
(thermal) PolySi 330 N 725 >10k

Table A.1.: Substrates description used for each chapter (2, 3 and 4).
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HR-Si 50 nm

(thermal) N 725 >4k
HR-Si + 50 nm LPCVD
PolySi (thermal) PolySi ~400 N 725 >4k
Quartz > 725 pm
HR-SOI
without (th:?rgal) N >700 >3k
cMOs
TR-SOI
without (th:?:aal) Av:i:;tble 2000 N >700 >3k
cMOs
HR-SOI
after (th:?rgal) N >700 >3k
cMOos
TR-SOI
after (th:?:aal) Av:i::ble N >700 >3k
CcMOS
Std-Si 500

(thermal) P 525 0.005
HR-Si 500

(thermal) N 515 >4k
HR-Si +

500 LPCVD

PolySi (thermal) PolySi ~ 500 N 515 >4k
Porous Si 500
(Psi) (thermal) 200 P 525 0.005

Table A.2.: Substrates description used through chapter 5.



APPENDIX B

DESIGN AND FABRICATION OF
RF-MEMS DEVICES ON HIGH
RESISTIVITY SILICON SUBSTRATE

ADIO Frequency Radio Frequency microelectricalmechanical systems (RF

MEMS) is an emerging technology as a viable alternative to solid-state
control devices for microwave circuits. Its low power consumption, large
tuning range, excellent RF performance and integration capability are the key
characteristics enabling system implementation with potential improvement
in size, cost and increased functionality. The main RF MEMS devices include
switches, high-Q inductors, capacitors, antennas, resonators and filters, etc. [1].
The fabrication process of these devices is usually CMOS compatible which
allows the co-integration of MEMS devices and CMOS devices and circuits [2].

By leveraging existing state of the art of CMOS Integrated Circuits (IC’s)
fabrication technologies based on silicon, MEMS technology exhibits many ad-
vantages that provide higher performance required for RF and millimetre wave
application, in addition to a low fabrication cost and high level of integration
[2]. While the concept of integrating tunable RF MEMS devices with CMOS
monolithic microwave integrated circuits on silicon substrate is appealing, their
performance is limited by the high RF losses and crosstalk of the low resistivity
(10 Q.cm) substrate, even using advanced Silicon-on-Insulator (SOI) technology.

Nowadays, the use of high-resistivity silicon (HR-Si) has converted Si into a

suitable technology for high frequency applications. Indeed, HR-Si can be used
as a handle substrate for SOI substrates, also known as high-resistivity SOI (HR
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SOI), offering hybrid integration capability, improved RF performances, and
SOI-CMOS compatibility [3]. Furthermore, using HR SOI, the advantages of low-
complex process design RF MEMS devices added to reduced losses, improved
substrate isolation, and SOI-CMOS technology compatibility has already been
proved [4]. These advantages make HR-Si substrate a very attractive handle
substrate for System-on-Chip applications. However, oxidized HR-Si suffers from
parasitic surface conduction (PSC) effect at the Si/SiOs interface. The low
conductivity of the HR-Si effectively suppresses RF bulk losses but not the losses
associated with an accumulation or inversion at the Si/SiOs interface, hence
reducing the final effective resistivity of the wafer [5]. The impact of PSC is
more pronounced for coplanar devices, e. g. coplanar waveguide (CPW), in which
the electric field is more concentrated at the wafer surface than in microstrip
structures [6]. In addition, surface charge concentration depends on the applied
voltage leading to bias-dependent losses. In CMOS circuits this bias voltage is
approximately 1-3 V and is higher than 10 V for MEMS devices, thereby the
substrate losses could be much higher than expected [7]. This PSC affects the
RF characteristics of the MEMS devices, and thus degrades its performance.
Fortunately, it has been also proved that this highly conductive surface layer can
be effectively suppressed by introducing a high trap-rich layer between the oxide
and the HR-Si substrate [8]. Several techniques have been reported to introduce
such trap-rich layer to passivate HR-Si substrates, such as the deposition of
polycrystalline silicon [8] or amorphous silicon [9] between the bulk Si and the
oxide.

In this annexe a simple fabrication process with two photolithographic steps
is used in the Winfab clean-room at UCL [10] to implement RF-MEMS on top
of an oxidized HR-Si substrate as presented in [11]. Fig. B.1 demonstrates the
principle of the designed low complexity RF MEMS structure compared with
that presented by Siegel et al in [12]. The performance of two RF MEMS devices:
a reconfigurable patch antenna and a tunable coplanar low-pass filter, lying on
HR-Si substrate are investigated by means of 3D electromagnetic simulations and
experimental measurements. The impact of the substrate losses on RF-MEMS
tunable filters is discussed.

B.1 RF-MEMS PERFORMANCE ON HR-SI SUBSTRATE

B.1.1 Fabrication Process

The low-complexity fabrication process of RF-MEMS consists of two mask-layers
process fully compatible with standard CMOS processing [11]. It requires only
three film depositions and two photolithographic steps as presented by the fab-
rication process flow in Fig. B.2. First, a 1 pum silicon oxide layer is deposited on
top of a commercial p-type HR-Si substrate (p > 10 kQ2.cm) by plasma enhanced
chemical vapor eposition (PECVD). Next, a low-pressure chemical vapour de-
position (LPCVD) is used to deposit a 200 nm silicon nitride at 800 °C.This
layer is used to define the switchable part of the MEMS structure. Then, an alu-
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Fig. B.1: Principle of the low complexity RF- MEMS (a) Reference [12] and (b)

This work.

minium layer of 2 pm-thick is evaporated in an E-gun vacuum system at 150°C
and patterned in chlorine-based plasma. A 500 nm-thick aluminium layer is then
evaporated at the backside of the Si wafer. Finally, the MEMS structures release
is performed via the wet etching of the PECVD silicon oxide sacrificial layer in
a mixture of concentrated fluoridric acid (HF 73 %) and isopropanol.

1. Starting with SiO, PECVD dep. 1 pm
on HR-Si wafer (300 pun)

5. Si;N, RIE etching (2™ mask)

2. Si;N; LPCVD dep. 200 nm (800°C)
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Fig. B.2: Process flow for the fabrication of 3-D RF MEMS.
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B.1.2 Reconfigurable Patch Antenna

Reconfigurable antennas similar to those reported in the work done by Siegel et
al. [12] have been designed, fabricated and measured. Fig. B.3 shows microscope
photography of a patch antenna with coplanar-to-microstrip transition required
for the CPW probing and measurement of the patch antenna [13]. The rectangu-
lar patch antenna is designed to operate at 35 GHz in its down state, i.e. when
the movable parts of the antenna are in the plane of the wafer. The patch is 1700
pm-wide and 1124 pum-long and it is directly fed at its edge using microstrip line
and matched to 50 Q by choosing the right insert feed depth of 420 um. After
etching away the sacrificial layer the switchable part of the MEMS structure
bends up due to the out-of-plane gradient of stress within the aluminium -silicon
nitride bilayer as depicted in Fig. B.3. The out-of-plane MEMS structure can
then be moved up and down via the application of a DC bias applied between
the movable MEMS parts and the Si wafer to modulate the electric length of the
patch and hence change its radiating frequency.

Fig. B.3: Top view photography of the fabricated RF MEMS patch antenna.

Simulations of the MEMS antenna have been performed using a 3D full-wave
electromagnetic simulator software (IE3D). As it can be seen in Figs. 3 and 4,
both simulations and measurements are in well accordance with results presented
in [14]. This agreement confirms the similarities, quality performance, and re-
peatability of such a simple MEMS fabrication process. In Fig. 3, for a 100
pm-long released region the resonance frequency is shifted from 35 GHz in the
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down-state 37.5 GHz in the up-state (extreme point of the cantilever is located
at 20 pum above the substrate surface ). The achieved frequency shift increases
with the length of the bending part of the antenna, thus Fig. 3 shows a shift of
more than 2 GHz between the down- and up-state for a 160 pm-long released
region.

From measurement curves presented in Fig. 4 it can be seen that the resonance
frequency shifts from 34.2 GHz in the down-state to 36 and 37.1 GHz in the
up-state for, respectively, 100 um and 160 pm released region length with a
return loss better than -20 dB. The 3 dB difference at low frequency between
the measured and simulated results can be mainly explained by the parasitic
coplanar-to-microstrip propagation mode at the transition region [13].

——— Down | ——— Down
f ——F— Up (Ls=100 ym) 20 ——+— Up (Ls=100 ym
20 e Jp (Ls=160 pm) ,L Up (Ls=160 um
. . S I E—
425 1 1 1 S E— —
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Frequency [GHz] Frequency [GHz|

(@) (b)

Fig. B.4: Simulated (a) and measured (b) [14] in down- and up-states with 100
pm and 160 pm switchable height on each side of the patch antenna.

B.1.3 Tunable Low Pass Filter

For RF MEMS design and fabrication it is much more convenient to use CPW
than microstrip (MS) as the implementation requires only uniplanar fabrica-
tion technology where the shunt switches are directly connected to the ground
plane using anchors [1]. Furthermore, in CPW microwave losses are lower than
MS structure because of the electric field distribution close to the edges of
the CPW. In this context, low-pass filters are designed and fabricated using
a stepped impedance implementation based on CPW lines [15]. The high and
low impedance sections of the filter correspond to 92 2 and 25 2, respectively,
while the feed line is designed to be 50 € as shown in Fig. B.5 (a). The fil-
ter section lengths are initially approximated by means of the equivalent circuit
model of short transmission line sections, to achieve a cut-off frequency of 40
GHz. By switching up a bending region of the low impedance, the filter stepped
impedances change and thus the cut-off frequency is also varied. Fig. B.5 (a)
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and (b) show a top view of the fabricated CPW low-pass filter when the bending
regions switched up and the simulated structure with the corresponding dimen-
sions for each CPW line section.

From the simulation results on a HR-Si substrate (p=10 k€2.cm) presented in
Fig. B.6, the cut-off frequency is shifted from 40 GHz in the down-state to 57
GHz in the up-state (40 pm height for the upper point of the movable part),
providing a maximum possible 17 GHz tunable range. RF-MEMS filters have
been fabricated using the same simple process than previously described for the
tunable antennas.

As depicted in Fig. B.7, the measured 3-dB cut-off frequency of the tunable
low-pass filter shifts by 10 GHz from down- to up-state. It can also be observed
that an attenuation of 4-dB exists over the whole filter bandwidth in the
down-state. This pretty high insertion loss was not predicted by the simulations.
As it is explained hereafter, that attenuation is mainly related to the substrate
losses due to the PSC effect. This attenuation is reduced in the up-state after
release of the oxide under the switchable part and hence reducing surface charge
effect at that region. Since the substrate RF losses are a key factor for RF
filters, we extract the effective resistivity (pess ) of a CPW line lying on the
same HR-Si substrate using the method described in [5]. The final p.s; seen by
the coplanar structure is p = 50 Q.cm instead of 10 kQ.cm, its nominal value.
This low pers value is due to the PSC effect at the Si/SiO; interface [6], [8].
In fact, the PECVD oxide presents a high density of fixed oxide charges which
attract free carriers in the silicon substrate and create a high surface conduction
layer. Therefore, the final effective resistivity of the wafer is reduced and hence
the RF performance of the CPW line.

We simulate again the investigated low-pass filter structure using a 50 2.cm

silicon substrate. The simulated frequency response of the filter is shown in Fig.
B.8. Simulations show in this case a better agreement with the measured data
presented in Fig. B.7. The large attenuation in the filter bandwidth can then be
explained by the degradation of the substrate resistivity.
Measurements of the filter frequency response on top of HR-Si substrate
passivated with a polysilicon layer underneath the oxide is shown in Fig. B.9. It
can be seen that the high density of traps provided by the trap-rich passivation
layer staiblize the substrate and the attenuation caused by the parasitic surface
effect at the Si/Si0; interface was literally eliminated.



RF-MEMS PERFORMANCE ON HR-SI SUBSTRATE 173

Z,;=25.6Q Z,=92Q Z,=50Q
W3=192um  W2=16um W,=94.6um
S,= 11um S,=100um S,=60um
L=386um L=386pum L=386um
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Eo=5.72 £o=6.11 £o=6.1
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(b)

Fig. B.5: top view of the (a) fabricated CPW low-pass filter when the bending
regions switched up and (b) simulated structure with the corresponding dimen-
sions for each CPW line section.
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Fig. B.6: Simulated Ss; characteristic for the low-pass filter on HR-Si substrate.
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Fig. B.7: Measured Sy; characteristic for the low-pass filter on HR-Si substrate.
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Fig. B.8: Simulated Sy; characteristic for the low-pass filter on Si substrate with
p= 50 Q.cm.
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Fig. B.9: Measured Ss; characteristics for the low-pass filter on HR-Si and HR-Si
+ PolySi substrates.
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B.2 CONCLUSION

RF MEMS reconfigurable patch antenna and tunable low-pass filter were fabri-
cated on top of a high resistivity silicon substrate using a low complexity fabrica-
tion process. The substrate losses and the parasitic surface effect which degrade
the effective resistivity of the silicon substrate have a strong influence on the
RF performance of the CPW filter. However, these variations can be drastically
reduced by passivating the substrate surface with trap-rich polysilicon layer [6].
Designed CPW filters including a trap-rich layer at the SiO5/Si interface have
demonstrated a much higher stability and the shift of the cut-off frequency when
the bending regions switched up is increased.
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