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Preface

Despite the fact that a range of limitations are beginning to appear as CMOS technology
is being raised to ever higher levels of perfection, it is anticipated that silicon will be the
dominant material of the semiconductor industry for at least the first half of the 21st cen-
tury. The forecast for microelectronics development updated in 2008 by SIA (Semiconductor
Industry Association) reaches ahead to the years 2016-2022. Unfortunately, a comparison
with former SIA forecasts indicates that in certain aspects they become less aggressive (that
is less optimistic) with time.

While the development of silicon microelectronics in the past could be attributed mostly
to the reduction of the feature size (progress in lithography), today it relies more on new
material (SOI, SON, SiGe or SiC) and architecture (ultra-thin body, double-gate, multiple-
gate) solutions. The combination of this trend with continuous miniaturization provides the
opportunity of improving IC functionality and speed of operation.

Telecommunications and information technology are arguably the most powerful drivers
behind microelectronics product development nowadays. Plenty of new applications are
being for fast analog and RF circuits, as well as for information processing ones. It is clear
that with the anticipated peak fmax =425 GHz and fr =395 GHz to be reached by RF SiGe-
base bipolar transistors in 2014, according to the 2008 update of ITRS, a lot of effort must be
put into the development of appropriate material, processing, characterization and modeling.
While progress in the bipolar technology is impressive, the increase of MOSFET speed is
even more so. The same issue of ITRS predicts on-chip clock of ~ 14 GHz for 2022.

High-speed isn’t, however, everything. Portable wireless products push, for obvious rea-
sons, for low-power solutions. This trend requires new architectural solutions (e.g., channel
thinning), and in consequence, new material, such as SOI (or its possible successor SON —
silicon-on-nothing), where current driveability is considerably higher than in conventional
MOSFETs.

In this issue the Reader will find papers devoted to RF operation of SOI technology, device
concepts, numerical analysis of device and circuit parameter variation, fabrication, process
simulation, sensors and characterization.



The ongoing increase of operating frequencies applies to satellite communication systems,
too, where millimeter band use is expected soon. This raises the issue of adverse propagation
phenomena, in particular weather-dependent atmospheric attenuation. As this attenuation
rises with frequency, it must be mitigated with proper satellite and antenna design.

Effective use of limited pool of radio frequencies requires proper spectrum management;
relevant activities are largely carried out within ITU. The existing spectrum management
arrangements are criticized as inefficient in many respects, and several proposals for im-
provements are presented, taking into account recent advances in technology.

Broadband wireless systems like WiMAX face the problem of limited radio spectrum in
a particularly acute way. Spectrum efficiency and system capacity can be improved by
dynamic resource management in so called flexible radios, allowing optimized use of limited
channel capacities and computing resources. Flexible radio architecture must also deal with
interactive use of spectrum by multiple applications, while meeting stringent quality of service
(QoS) requirements. The key solution is a software defined radio with embedded intelligence,
able to sense the current environment defined as spectrum occupancy, interference, etc., and
adapt to it, to ensure the best performance possible with variable spectrum constraints.
A cognitive radio with human-like intelligence is required, working in environment whose
parameters are not known a priori and can rapidly change. The mathematical foundations
for such devices include Bayesian probability theory, maximum entropy principle, etc., to
optimize signal sensing and use of multiple antennae.

Advanced as it is, current RF technology fails to deliver coherent, high power CW terahertz
radiation, however. As the need to utilize THz frequencies in communications, medicine,
security, inspection, etc., grows, the intersubband-based quantum cascade laser may become
the source of choice. Before such devices become practical, they must be engineered to work
without cryogenic cooling required today.

The quality of multimedia service as perceived by the user of a next generation network
(NGN) can be greatly affected by the performance of signaling system during connection
setup phase, in particular by delays incurred when heterogenous multi-domain network pro-
vides the service. The impact of signaling system performance on user quality of experience
(QoE) has been analyzed, with focus on the signaling system and procedures defined within
the EuQoS project.

The next paper in this issue deals with the recommendations and regulations regarding the
pan-European eCall programme. This is a road safety improvement effort aimed to reduce the
current number of road fatalities of over 40,000 a year, providing a standardized in-vehicle
emergency call service, with automated feed of accident location and other information to
relevant public safety answering point (PSAP). Besides right technology, effective solution
needs a harmonized pan-European regulatory framework.

Secure identification of user is of critical importance to many services, as ID theft and
other security treats increase. Digital signatures are often user ID-based: user’s e-mail,
phone number, etc., serves as a public key. Unfortunately, the analysis presented shows
such architectures can provide only medium level of security, albeit some improvements are
possible.

We hope the Readers will find this issue of the Journal of Telecommunications and Infor-
mation Technology useful and interesting.

Andrzej Jakubowski
Lidia Lukasiak
Guest Editors
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Abstract— This last decade silicon-on-insulator (SOI) MOS-
FET technology has demonstrated its potentialities for high
frequency (reaching cutoff frequencies close to 500 GHz for
n-MOSFETSs) and for harsh environments (high temperature,
radiation) commercial applications. For RF and system-on-
chip applications, SOI also presents the major advantage of
providing high resistivity substrate capabilities, leading to sub-
stantially reduced substrate losses. Substrate resistivity values
higher than 1 kQ c¢m can easily be achieved and high resistivity
silicon (HRS) is commonly foreseen as a promising substrate
for radio frequency integrated circuits (RFIC) and mixed sig-
nal applications. In this paper, based on several experimental
and simulation results the interest, limitations but also pos-
sible future improvements of the SOI MOS technology are
presented.

Keywords— crosstalk, high resistivity silicon substrate, MOS-
FET, nonlinearities, silicon-on-insulator, wideband characteri-
zation.

1. Introduction

The semiconductor technology has been progressing enor-
mously these last decades, such evolution has been driven
by the continuous look for the increase of the operation
speed and the integration density of complex digital cir-
cuits [1]. In the early 70’s a scaling-down procedure of
the transistor dimensions established by Dennard and co-
workers [2] was proposed to pave the way to reaching both
objectives. From those days to now, the keystone of the
semiconductor industry has been the optimization of this
scaling-down procedure.

The communication industry has always been a very chal-
lenging and profitable market for the semiconductor com-
panies. The new communication systems are today very de-
manding; high frequency, high degree of integration, multi-
standards, low power consumption, and they have to present
good performance even under harsh environment such as
high temperature, radiation, etc. The integration and power
consumption reduction of the digital part will further im-
prove with the continued downscaling of technologies. The
bottleneck for further advancement is the analog front-end.
Present-day transceivers often consist of three or four chip-
set solutions combined with several external components.
A reduction of the external components is essential to ob-
tain lower cost, power consumption and weight, but it will
lead to a fundamental change in the design of analog front-
end architectures. The analog front-end requires a high
performance technology, like GaAs or silicon bipolar, with
devices that can easily achieve operating frequencies in
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the GHz range. For the digital signal processor a small
device feature size is essential for the implementation of
complex algorithms. Therefore, it appears that only the
best submicron CMOS technologies could provide a fea-
sible and cost-effective integration of the communication
systems.

This last decade metal oxide semiconductor (MOS) tran-
sistors have reached amazingly high operation speed and
the semiconductor community has started to notice the ra-
dio frequency (RF) possibilities of such mainstream de-
vices. Silicon-on-insulator (SOI) MOSFET technology has
demonstrated its potentialities for high frequency (reaching
cutoff frequencies close to 500 GHz for n-MOSFETs [3])
and for harsh environments (high temperature, radiations)
commercial applications.

From its early development phase till recent years, SOI has
grown from a mere scientific curiosity into a mature tech-
nology. Partially depleted (PD) SOI is now massively serv-
ing the 45-nm digital market where it is seen as a low cost —
low power alternative to bulk silicon. Fully depleted (FD)
devices are also widely spread as they outperform exist-
ing semiconductor technologies for extremely low power
analog applications [4].

For RF and system-on-chip applications, SOI also presents
the major advantage of providing high resistivity sub-
strate capabilities, leading to substantially reduced substrate
losses. Substrate resistivity values higher than 1 kQcm can
easily be achieved and high resistivity silicon (HRS) is
commonly foreseen as a promising substrate for radio fre-
quency integrated circuits (RFIC) and mixed signal appli-
cations [5].

In this paper, based on several experimental and simula-
tion results the interest, limitations but also possible fu-
ture improvements of the SOl MOSFET technology for mi-
crowaves and millimeter-waves applications are presented.

2. State of the Art RF Performance

Since the invention of the bipolar transistor in 1947, the
operating frequencies of integrated transistors have been
improved every year. In 1958, a cut-off frequency above
1 GHz is reached with a germanium bipolar transistor [6].
Since that date, several integrated technologies have been
investigated and improved to further increase the operating
frequency of transistors. In 1965, a GaAs metal semicon-
ductor field effect transistor (MESFET) appears in the liter-
ature [7]. In 1973, a maximum oscillation frequency (fmax)
of 100 GHz is measured for a FET [8]. In 1980, a new
architecture of field effect transistor with high electron mo-
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bility (HEMT) is proposed and fabricated [9]. In 1995,
a cutoff frequency fiax higher than 500 GHz is extrapolated
for a HEMT [10]. In 2000, the limit of 1 THz is reached
with III-V heterostructure bipolar transistor (HBT) [11] and
even overpassed by HEMT in 2007 [12].

It is only in 1996, thanks to the successful downscaling
of the silicon MOSFET gate, that cutoff frequencies higher
than 200 GHz are presented [13]. Since that date, the inter-
est in MOSFETs for low voltage, low power, high integra-
tion mixed-mode ICs (digital and analog parts on the same
chip) in the field of microwaves and millimeter-waves ap-
plications has been constantly growing. MOSFET is a well-
known, well-controlled and mature technology, as well as
cost effective, which makes it the key technology for mass
production.

Nowadays, thanks to the introduction of mobility booster
such as strained silicon channel, cutoff frequencies
close to 500 GHz and 350 GHz are achieved, respec-
tively, for n- and p-MOSFETs [3] with the channel length
of 30 nm.
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Fig. 1. State of the art current gain cutoff frequency as a function
of gate length for unstrained and strained Si and SOl NMOSFETs.

Figure 1 presents the state of the art current gain cutoff
frequency (fr) for n-type MOSFETs as a function of gate
length. In that graph, the continuous line represents the
prediction from the International Technology Roadmap for
Semiconductors (ITRS) published in 2006 [14]. Despite
the poor carrier mobility of electrons in silicon compared
to III-V materials, silicon MOSFET can be considered as
a competitive technology for high frequency applications.
It is worth to notice that strained channel silicon MOS-
FETs even overcome the ITRS roadmap values which gives
quite good prospects for silicon technology still for certainly
more than 15 years from now on.

3. Main Limiting Factors

Historically, device scaling remains the primary method
by which the semiconductor industry has improved pro-
ductivity and performance. From the 100-nm technology

node, CMOS technologies have been facing many grand
technological challenges. In this context, the most critical
issue consists in the so-called short-channel effects (SCE).

ng = ng[ + nge
Cgs =Cgsi + Cgse B

Fig. 2. Small-signal lumped equivalent circuit of MOSFET.

These parasitic effects tend to degrade the subthreshold
characteristic, increase the leakage current and lead to a de-
pendence of threshold voltage with respect to the channel
length. Those static SCE have been reported theoretically
and experimentally in the literature and solutions have been
proposed. However, only a few publications have analyzed
the limitation or degradation of high frequency characteris-
tics versus the downscaling of the channel length. Consid-
ering a classical small-signal equivalent circuit for MOS-
FET as presented in Fig. 2, we can define the cutoff fre-
quencies f;, fr and fiax representing the intrinsic (related
to the useful MOSFET effect), the current gain and the
available power gain cutoff frequencies, by expressions (1)
to (3), respectively:

_ 8m
o= g M)
e ey
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where: g, — the gate transconductance, g; — the ouput
conductance, Cgs, Cyy and Cys — the gate-to-source, gate-
to-drain, and drain-to-source capacitances, respectively,
R,, Ry and R, — the gate, drain and source access resis-
tances, respectively.

Figure 3 represents a schematic cross-section of a classi-
cal silicon MOSFET where the different components of
parasitic source and drain resistances and capacitances are
illustrated.

The intrinsic cutoff frequency, f,, measures the intrinsic
ability of a field effect transistor (FET) to amplify high
frequency signals. As reported in [15], the f. values are
a factor of 1.5 to 2 higher for HEMTs than for silicon
MOSFETs with comparable gate length, and this is mainly
explained by the respective dynamic properties of the two
types of semiconductors (difference of g, which is directly
proportional to the carrier mobility). In order to enhance
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Fig. 3. Schematic cross-section of a Si MOSFET illustrating the
different access resistances to the channel and the surrounding
overlap and fringing capacitances.

the carrier mobility in silicon channel and then to improve
the current drive and high frequency characteristics [3] of
MOSFETs, strained n- and p-MOSFETs have been investi-
gated these last years. Beside the carrier mobility difference
between Si and III-V materials, it has been demonstrated
that the fmax/fr ratio is lower in the case of Si devices.
As explained in [15], besides the well-know degradation
of high frequency characteristics due to access resistances
(Rg, Ry and R;), the decrease of the ratios g,/g; and
Cys/Cqq in CMOS technology strongly contributes to the
limiting improvement of fr and fpax with the transistor
channel length skrinkage. The increase of the output con-
ductance, g4, with the reduction of gate channel length is
one of the well-known short channel effects of FET devices.
The degradation of the ratio Cys/Cyq means a loss of chan-
nel charge control by the gate and an increase of the direct
coupling capacitance between gate (input) and drain (out-
put) terminals. The self-aligned source and drain regions,
one of the main advantages of MOSFET structure, are also
a reason for the increase of parasitic capacitances between
source and gate and more importantly drain and gate. As
demonstrated in [15], from extraction results the Cgy/Coq
ratio is equal to 7.8 for the HEMT and only to 1.5-1.6 in
the case of a MOSFET with 90 nm gate length.

It is therefore obvious that the optimization of these internal
parameters will be crucial in order to further improve cutoff
frequencies of ultra deep submicron MOSFETs. The im-
pact of lightly doped drain (LDD) dose and energy implant
as well as annealing temperature and time on Cg/C,q ratio,
gm and g, and then on fi.x has been investigated in [16].
The results demonstrate that LDD implant can indeed be
considered as an optimization parameter for improving fax
and especially the ratio Gs/NFnin (Gass and NFpi, being
the associated power gain and the minimum RF noise fig-
ure, respectively), which is the most important figure of
merit for low noise microwave applications. However, the
optimization window is quite narrow and it seems diffi-
cult for a given technological node to get higher Cys/Coqy
and g,,/g, ratios than 2 and 6, respectively, for a classical
sub-100-nm gate length MOSFET structure. It is the main
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reason why fnax is almost equal to fr in the case of MOS-
FETs and not 1.5 to 2 times higher as in the case of HEMTs
with similar gate length and characterized by C,s/Cyy and
gm/gaq ratios of 8 and 20, respectively.

In order to further improve the microwave performance of
deep submicrometer MOSFETs, it seems crucial to keep
the parasitic resistances and capacitances as low as pos-
sible, as predicted by ITRS and shown in Fig. 4 and to
consider alternative MOS structures for which the Cyy/Coq
and g,,/g, ratios (analog SCE) are improved.

Parasitic capacitances
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Fig. 4. Parasitic capacitances and source, and drain resistances
as a function of the gate length published in ITRS 06 [12].

Several technological options have been presented in the
litterature those last years to push further the digital and
analog performance limits of single gate Si MOSFETs such
as:

e Move from bulk Si MOSFETs to partially de-
pleted [17] or fully depleted [18] SOI MOSFETs to
enhance the gate electrostatic control on the channel
carriers and thus minimize the SCE. Nowadays, ultra
thin body (UTB) MOSFET in SOI technology with
a silicon body thickness less that 10 nm has been pro-
posed [19], [20]. Thanks to the buried oxide layer
(BOX) underneath the SOI transistors, their junction
capacitances (noted Junction capacitance in Fig. 3)
to the Si substrate are drastically reduced.

e Strained MOSFETs have been largely investigated
lately to improve the carrier mobility. The mechani-
cal stress in the channel orginates from specific pro-
cess steps [21] added into the classical CMOS pro-
cess flow. Nowadays, strained SOI wafers are pro-
duced as well for which the top silicon layer is under
a certain level of stress [22], [23].

e Low Schottky barrier contacts [24]-[28] are fore-
seen as a very interesting candidate to lower the
source/drain contact resistances, to form abrupt junc-
tions (no overlap), and drastically reduce the thermal
budget for CMOS process.
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e Metal gate allows to get rid of loss of electrostatic
gate control related to the polysilicon gate depletion
[29], [30], as well as to reduce the gate sheet resis-
tance.

e Low-k and air gap [31], [32] should be introduced to
reduce fringing capacitances between gate-to-source
and gate-to-drain electrodes.

e SOI wafers with thin BOX have been proposed these
last years to reduce SCE (for instance, DIBL) but also
to lower self-heating issues [19], [20], [33], [34].

e High resistivity silicon substrate has demonstrated su-
perior characteristics for the integration of high qual-
ity passive elements such as transmission lines [35],
inductors [36], etc., as well as for reduction of the
crosstalk between circuit blocks integrated on the
same silicon chip [5].

This last point will be developed in detail in Section 5.
Figure 5 schematically presents the cross-section of what
we can call an ultimate single gate MOSFET basically in-
cluding the technological options listed above. Unstrained
p-type MOSFET including a metal gate and low Schottky
barrier source and drain contacts has been built and char-

Metallic
midgap gate

Low ¢,
contact

Low ¢,

contact
| |

Fig. 5. Schematic cross-section view of an optimized single fully
depleted SOI MOSFET.
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Fig. 6. Current gain as a function of frequency for a 30 nm

p-type segregated PtSi Schottky barrier MOSFET.

acterized over a wide frequency band in [27]. The device
architecture features a 20 nm thick SOI channel, a 2.4 nm
SiO, gate oxide, a metallic tungsten gate and 15 nm-wide
SiN spacers. The integration of a low Schottky barrier
silicide (PtSi) coupled to boron segregation demonstrates
a 50% improvement on the current drive accompanied by
reinforced immunity against SCE when compared to the
dopant-free approach. This constitutes the first implemen-
tation of a dopant segregated band-edge silicide obtained by
implant-to-silicide (ITS) and activated at low temperature
(500°C). The RF characterization unveils a unity current
gain cut-off frequency fr of 180 GHz for a 30 nm gate
long device as shown in Fig. 6. This constitutes the best
result reported in literature [37] for unstrained channel fully
depleted SOI p-MOSFETs.

Multiple gate MOSFETs are often cited as the ultimate
MOS devices to reduce the SCE. The analog and RF per-
formances of FinFETs are presented in the following sec-
tion.

4. RF Performance of a Multigate
MOSFET: FinFET

To reduce the SCE in nanometer scale MOSFETs, multiple-
gate architectures emerge as one of the most promis-
ing novel device structures, thanks to the simultaneous
control of the channel by more than one gate. The
idea of the double-gate (DG) MOSFET was first intro-
duced by J.-P. Colinge [38]. Starting by the FinFET [39],
other multiple-gate SOI MOSFETs have been introduced
since [40] such as triple-gate (TG), FinFET, pi-gate (PG),
quadruple-gate (QG), omega-gate (Q2-G), etc. Many works
have investigated and demonstrated the great potential of
multiple-gate devices to comply with the I, /I,f¢ require-
ments of the ITRS for logic operation [40], [41].

FinFET

Source
Single gate (SG)

Fig. 7. Schematic top view of a FinFET composed of 10 fins (up-
per) and SG MOSFET (lower) occupying the same active silicon
foot print.

Indeed, FinFETs are known to be promising devices for
high density digital applications in the sub-65 nm nodes
due to their high immunity to short channel effects and their
excellent compatibility with planar CMOS process. Most
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of the investigations performed on FinFETs have focused
on their technological aspects and perspectives for digital
applications [42], [43], while only a few have assessed their
analog figures of merit [44], [45]. In this section, the RF
performance of FinFETs with various geometries is pre-
sented.

FinFETs are fabricated on a SOI wafer with 60 nm Si film
on 145 nm of buried oxide, with < 100 > and < 110 > Si
planes for top and lateral channels, respectively. The silicon
active area is patterned using 193 nm lithography with ag-
gressive resist and oxide hard mask trimming to define nar-
row silicon fins. A hydrogen anneal and a sidewall oxida-
tion are used for surface smoothening and corner rounding.
The fin patterning resulted in a fin height (Hy;,) of 60 nm,
fin width (Wy;,) of 22, 32 and 42 nm, and fin spacing (S ;,)
of 328 nm. The gate stack consisting of a plasma nitrided
oxide with equivalent oxide thickness equal to 1.8 nm, as
measured on planar devices, and 100 nm polysilicon is de-
posited. Gate lengths (Lg) of 40, 60 and 120 nm are fab-
ricated. High angle As/BF, extensions are then implanted
and a 40 nm-thick selective epitaxial growth (SEG) is per-
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formed on the source and drain regions. After the heavily
doped drain (HDD) implantations and rapid thermal an-
nealing (RTA), NiSi is used as silicide and only one metal
level is deposited.

The DC and RF analyses are performed on RF FinFETs
(Fig. 7) composed of 50 gate fingers (Nfipger) control-
ing 6 fins (Nyi,) each. As shown in Fig. 8(a) the 60 nm
technology investigated here outlines a good control over
SCE, with a subthreshold slope (S) close to 73.5 mV/dec.
This value is even closer to ideal for Ly, = 120 nm (S =
62.9 mV/dec). Data in Fig. 8 are normalized by consid-
ering the total gate width Wio; = NtingerNfin(Wrin + 2H fin).
No threshold voltage (V7) roll off was observed with respect
to Ly(Vr ~ 260 mV) and only small V7 variations (within
30 mV) are recorded as a function of Wy;,. As expected,
the devices also exhibit reduced SCE as the fin width is
reduced. This is shown in Fig. 8(a), which indicates lower
S values for narrower fins. However, reducing Wr;, is also
expected to increase the source (Ry) and drain (Rj;) resis-
tance [46], as shown in Fig. 8(b), which leads to a reduction
of the normalized drain current as well as the effective gate
transconductance (Fig. 8(c)).

The S-parameters of the devices are measured with
a 110 GHz VNA from Agilent. An open-short de-
embedding step is performed to remove the parasitics as-
sociated with the access pads. The current gain (|H>|) as
a function of frequency which yields the device transition
frequency (fr) is presented in Fig. 8(d) for FiInFETs with
different fin widths. Unfortunately, we can observe a re-
duction of the cutoff frequency with the shrinkage of Wy;,,.
This degradation is mainly related to the increase of the
source and drain resistances with the thinning down of the
fin width (Fig. 8(b)).

The DC and RF performances of planar MOSFETs with
similar dimensions (Fig. 7) have been measured for com-
parison purposes. Figure 9 presents the extracted RF cut-

off frequencies of planar and FinFET devices as a function
of channel length. The so-called intrinsic (fr;) and ex-
trinsic (fr.) cutoff frequencies stand, respectively, for the
current gain cutoff frequency related to only the intrinsic
lumped parameter elements (g, g4, Cgsi and Cyy;) and the
complete small-signal equivalent circuit presented in Fig. 2
(including the parasitic capacitances, Cgse and Cgge, as well
as the accesss resistances Ry, Ry, and R,). It is quite in-
teresting to see that both devices present similar intrinsic
cutoff frequencies (around 400 GHz for a channel length
of 60 nm) but the extrinsic cutoff frequency, fre, of Fin-
FET (90 GHz) is nearly twice lower than that of the planar
MOSFET (180 GHz). A possible explanation for the latter
effect might be the more relevant impact of extrinsic ca-
pacitances and resistances in the case of short gate length
FinFETs.

Based on a wideband analysis, the lumped small-signal
equivalent circuit parameters (Fig. 2) are extracted from
the measured S-parameters according to the methods de-
scribed in [47] and [48]. Figure 10 shows the relative
impact of each parasitic parameter on the current gain
(fr in Fig. 10(a)) and maximum available power gain
(fmax,» Fig. 10(b)) cutoff frequencies of a 60 nm long Fin-
FET. As expected from the expressions (1)—(3) and the pub-
lished results for SG MOSFETs [49] the gate resistance
has an important impact on frax Whereas fr is unchanged.
The sum of fringing capacitances Cj,., directly linked to
the FinFET three-dimensional (3D) architecture has a huge
impact on both cutoff frequencies. In fact, fr and fmax
drop down, respectively, by a factor of 3 and 2. Finally, the
source and drain resistances as well as the parasitic capaci-
tances related to the feed connexions outside the active area
of the transistor slightly decrease both cutoff frequencies.
Based on that analysis, it is quite clear that the fringing
capacitances inside the active area of the FinFET are the
most important limiting factor for this type of non-planar
multiple gate transistors.
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In [50], Wu and Chan analyze the geometry-dependent par-
asitic components in multifin FinFETs. Parasitic fringing
capacitance and overlap capacitance are physically modeled
as functions of gate geometry parameters using the con-
formal mapping method. The relative contribution from
each part of the 3D geometry of the FinFET is calcu-
lated. They subdivide the fringing capacitances in 3 dis-
tinct components noted Cy, C; and Csz in Fig. 11(a). They
demonstrate the importance of the fringing capacitance Cz
(Fig. 11(b)) which orginates from the capacitive coupling
between the source and drain regions of the fins (side walls)
and the gate electrode located between fins assuring the
electrical connection between the gates wrapping the dif-
ferent fins connected in parallel through the source and
drain contacts.

(b)

Fig. 11. (a) Three-dimensional schematic presentation of the
various contributions of the fringing capacitances for a FinFET
(C1, G2, G3); (b) relative importance of each fringing capacitance
(C1, Gy, C3) and overlap capacitance (Cyy).

In [51] and [52], the authors have demonstrated based on fi-
nite element numerical simulations the possibility to reduce
Cinner and thus its impact on the FinFET cutoff frequencies
by reducing the fin spacing (Fig. 12(a)) or by increasing the
aspect ratio of the fin (higher Hy;, /Wi, — see, Fig. 12(b)),
respectively.

Figure 13 shows the extracted input capacitance (Cgq =
Cgs + Cyq) in strong inversion (Vo =1.7 V and V; =0 V)
as a function of the active gate width (W,,,) for a FinFET
and a SG MOSFET with 60 nm gate length. Both devices
are built simultanuously on the same SOI wafer. A first
order extrapolation of the measured data yields Cg, values
of 1.33 fF/um for the FinFET devices and only 1.09 fF/um
of active gate width for the SG, indicating a 20% increase
of input capacitance in the case of FinFETs. Assuming
that the normalized oxide capacitance is equal in both SG
and FinFET devices, this increase is solely due to addi-
tional fringing in FinFETs. Using additional capacitance
data measured in deep depletion, the extrinsic gate capac-
itance is actually found to be 40% higher for FinFETs.
As explained above, this higher normalized input capac-
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Fig. 13. Extracted input capacitance in strong inversion (V, =
1.7 V and V; =0 V) as a function of W;,; for 60 nm SG MOSFET
and 60 nm FinFET.

itance for FinFET can be explained by the fact that the gate
fingers must run over non active area between each pair
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of parallel fins, a situation that is not encountered in SG
MOSFETs.

To summarize, the simulation and experimental results in-
dicate that FinFET is a multiple gate structure of interest to
reduce digital short channel effects and then assure a lower
threshold voltage roll-off, a better subthreshold slope and
then higher I,,/I,¢ ratio, but the high frequency perfor-
mance such as the cutoff frequencies as well as RF noise
figure as presented in [53] are degraded compared to its
SG MOSFET counterpart because of the increased fring-
ing capacitance linked to its complex 3D non-planar ar-
chitecture. Consequently, a trade-off exists regarding Wi,
between high fr and fmax (large Wp;,) and good control of
SCE (small Wy;,).

5. High Resistivity SOI Substrate

5.1. Coplanar Waveguides Transmission Lines

The use of high resistivity silicon substrate is mandatory
to reduce as much as possible the high frequency losses
associated with the substrate conductivity. High resistivity
silicon substrate cannot be introduced in the case of bulk
Si MOSFETs due to the problem related to latch-up be-
tween devices. In SOI technology, thanks to the buried
oxide the thin top silicon layer in which the transistors are
implemented is electrically isolated from the Si substrate
which can have high resistivity without impacting the good
behavior of the MOS integrated circuits (ICs). Recently,
high quality coplanar waveguides (CPW) presenting inser-
tion loss of less than 2 dB/mm at 200 GHz as well as
low- and high-pass filters at millimeter waves have been
succefully built in an industrial SOI CMOS process envi-
ronment [54].

The insertion loss of a CPW line lying on a lossy silicon
substrate depends on the conductor loss (0,,s) and the
substrate loss (a.,;) which is inversely proportional to the
effective resistivity of the substrate. The effective resistiv-
ity represents the value of the substrate resistivity that is
actually seen by the coplanar devices. This parameter ac-
counts for the wafer inhomogeneities (i.e., oxide covering
and space charge effects) and corresponds to the resistiv-
ity that a uniform (without oxide nor space charge effects)
silicon wafer should have in order to sustain identical RF
substrate losses. The effective resistivity is extracted from
the measured S-parameters of the CPW line with a method
depicted in [55].

Simulation results displayed in Fig. 14 outline how this
parameter affects substrate and total losses for a 50 Q@ CPW
with 1 pm-thick Al line, the central conductor width of
40 um and spacing between conductors of 24 um. These
data are obtained with analytical formulas presented in [56]
and assuming metal conductivity of 3-107 S/m. It is seen
that substrate losses (Q,;) are small (~ 0.1 dB/cm) when
Pesr is close to 3 kQcm and become clearly meaningless
compared to conductor losses (Oonqg) When p,sr reaches
10 kQcm.
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Fig. 14. Total (044) and conductor (0.,;,s) losses as a function
of p.rr at 20 GHz for a CPW line geometry according to [56].

Keeping substrate losses at low levels is a priority target
when designing high performance integrated silicon sys-
tems. In this field, high resistivity (> 3 kQcm) silicon
wafers are foreseen as promising candidates for radio fre-
quency integrated circuits [57] and mixed signal applica-
tions [58]. However, oxide passivated high resistivity (HR)
wafers are known to suffer from parasitic surface conduc-
tion due to fixed charges (Q,y) in the oxide [59]. In-
deed, charges within the oxide attract free carriers near the
substrate surface, reducing the effective resistivity (perr)
seen by coplanar devices and increasing substrate losses.
It has been recently shown in [60] that values as low as
Qox = 10'%/cm? could lower the value of resistivity by more
than one order of magnitude in the case of 50 Q2 CPW trans-
mission line. The parasitic surface conduction can also be
formed underneath metallic lines with the application of
a DC bias (V) [61].

The extracted line loss and effective substrate resistivity as
a function of the DC bias applied to the central conductor
of a CPW line are, respectively, presented in Figs. 15(a) and
15(b) for different substrates, oxide layers and metallic lines
as summarized in Table 1. Techno A and B are wafers com-
ing from the industry while the three other wafers named
C, D and E are home processes with one metal layer. In all
cases, the metallic structures are patterned on either oxi-
dized p-type HR unibond SOI (techno A, B, C) or oxidized
p-type HR bulk Si (techno D and E) substrates.

The total RF losses (04,;) of the CPW lines are extracted
from the measured S-parameters with a thru-line-reflect
method [62]. They are reported at 10 GHz in Fig. 15(a) as
a function of V,, where it is seen that o;,; may be signifi-
cantly affected by V, when the oxide thickness (7,,) is in the
several hundreds of nanometers (techno C). Indeed, in that
case highly positive or negative biases have a large impact
on the free carrier concentration below the oxide, thereby
strongly affecting substrate losses. This effect is attenu-
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Fig. 15. (a) CPW losses and (b) effective substrate resistivity measured for different technologies described in Table 1 as a function of

DC bias applied to the CPW central conductor.

Table 1
Additional information on the different technologies investigated in Fig. 15.
. Oxide .
Techno Starting Metal thickness S ! ) Oxide type
wafer layers passivation
[1m]

A HR SOI M3 3 No BOX + oxidized SOI + interlayer dielectrics

B HR SOI M5-M6 4.1 No BOX + oxidized SOI + interlayer dielectrics

C HR SOI M1 0.3 No BOX + oxidized SOI

D HR Si bulk M1 1 No PECVD

E HR Si bulk M1 1 Polysilicon PECVD
The data in columns 3 and 4, respectively, indicate the metal levels that were used and the total equivalent oxide
thickness for CPW lines.

ated for thicker oxides (techno A, B and D). The V, value
for which losses are minimum (V,, min) corresponds to the
state of deep depletion underneath the oxide. As shown in
Fig. 15, the V, depends on the flatband voltage (Vrp) of the
structure and is therefore dependent on 7,, as well as the
oxide charge density (Qy).

The parasitic surface conduction can be reduced or even
suppressed if the silicon substrate is passivated before oxi-
dation with a trap-rich, highly resistive layer.

Figure 16 illustrates the impact of trap density (D) at the
HR Si substrate/SiO; interface on the value of p,¢r at 0 V
for several Q,, densities. It is seen with no surprise that
the minimum Dj;; level that is required to obtain lossless
substrates (i.e., p.sr = 10 kQcm) is an increasing function
of the fixed charge density in the oxide. This is because for
higher positive densities, a higher concentration of electrons
is attracted near the substrate surface and a higher density
of traps is required to absorb those charges.

The introduction of a high density of traps at the Si/SiO;
interface has been successfully achieved using low-pressure
chemical vapor-deposited (LPCVD) polysilicon (polySi)
and amorphous silicon (a-Si) in [63] and [64], respec-
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Fig. 16. Simulated effective resistivity values p.ss as a function
of the trap density D;; for several fixed charges densities Q,x and
an applied bias value of 0 V.

tively. In the context of SOI technology, substrate passiva-
tion could also be an efficient technique to reduce substrate
losses. To be compatible with a HR SOI wafer fabrication
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process, the passivation layer should be included within the
SOI structure by bonding an oxidized silicon wafer with
a passivated HR substrate.

In [65], the proposed method consists in the LPCVD-
deposition of amorphous silicon followed by Si-
crystallization at 900°C with RTA. This method was com-
pared with previously published techniques (passivation
with amorphous silicon in [64] or LPCVD-polysilicon
in [63] and was demonstrated to perform better in terms
of substrate loss reduction: effective resistivity values
higher than 10 kQcm were reported, compared to 3 and
6 kQcm in the case of amorphous Si and LPCVD polySi
passivation, respectively. The new passivation method
was also shown to present better rms surface roughness
(0 =0.37 nm) and to remain effective after long thermal
anneals (4 hours at 900°C). A successful bonding of this
layer with an oxidized substrate was achieved, showing that
this new passivation technique could be introduced at re-
duced cost inside a smartcut or BESOI process in order to
fabricate SOI wafers with enhanced resistivity, i.e., higher
than 10 kQcm.

Figure 15(a) indicates that substrate passivation with
polysilicon (techno E) significantly reduces RF losses while
getting rid of the V, influence. This is because traps present
inside the polySi layer can absorb free carriers and pin the
surface potential to a value independent on V,, [63]. Fig-
ure 15(b) presents the effective resistivity (p.sr) extracted
according to a method depicted in [55]. Not surprisingly,
the highest p.r; value is observed for the passivated sub-
strate, while at 0 V, the lowest value is obtained for the
low quality (Q,x-rich) PECVD oxide. It should also be
noticed that due to the inverted layer underneath the BOX
in techno A and B, the extracted values of p,sr do not ex-
ceed 130 and 580 Qcm, respectively. These values are both
more than one order of magnitude lower than the nominal
substrate resistivity.

5.2. Crosstalk

In recent years, rapid progress of integrated circuit tech-
nology has enabled the co-integration of analog front-end
and digital baseband processing circuits of communication
systems onto the same chip. Such mixed-signal systems-on-
chip (SoCs) allow more functionality, higher performance,
lower power and higher reliability than non-integrated so-
lutions, where at least two chips are needed, one for digital
and one for the analog applications. Moreover, thanks to
CMOS technology scaling and its associated increasing in-
tegration level, SoCs have become the way to achieve cost
effectiveness for demanding applications such as home en-
tertainment and graphics, mobile consumer devices, net-
working and storage equipment.

Such a rising integration level of mixed-signal ICs raises
new issues for circuit designers. One of these issues is the
substrate noise (Fig. 19(a)) generated by switching digital
circuits, called digital substrate noise (DSN), which may
degrade the behavior of adjacent analog circuits [66].
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DSN issues become more and more important with IC evo-
lution as

— digital parts get more noisy due to increasing com-
plexity and clock frequencies;

— digital and analog parts get closer;

— analog parts get more sensitive because of V;; scaling
for power concern issues.

In general, substrate noise can be decomposed in three dif-
ferent mechanisms: noise generation, injection/propagation
into the substrate and reception by the analog part [67].
Improvement in the reduction of any of these three mech-
anisms, or in all of them, will lead to a reduction of the
DSN and in a relaxation of the design requirements. Typi-
cally, guard rings and overdesigned structures are adopted
to limit the effect of substrate noise, thereby reducing the
advantages of the introduction of new technologies. It is
thus a major issue for the semiconductor industry to find
area-efficient design/technology solutions to reduce the im-
pact of substrate noise in mixed-signal ICs.

This last decade several publications have demonstrated the-
oretically and experimentally the interest of high resistivity
SOI substrate to greatly reduce the crosstalk level between
integrated circuits [5]. Figure 17 shows how the crosstalk
between two 50 um spaced metallic pads is affected by p,sr
and indicates that p.rr must be at least in the several kQcm
range to get rid of conductive coupling inside the substrate
for frequencies around 100 MHz and lower.

Conductive coupling dominates

I Capacitive
coupling dominates

Crosstalk [dB]

Effective resistivity [Qcm]

Fig. 17. Simulated crosstalk level at 10 MHz, 100 MHz and
1 GHz as a function of p, s according to model presented in [5].

The result of the substrate crosstalk measurements using
a classical double-pad structure in which both pads are
connected to separate RF probing pads [5] is shown in
Fig. 18 in the form of |S;| versus frequency curves. The
measurements are performed by using the low-frequency
VNA up to 4 GHz and by applying various bias condi-
tions on the coupling pads. The figure shows significantly
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higher (~ 13 dB at 0 V) crosstalk level below 1 GHz for
the standard HR SOI wafer, due to conductive effects in the
substrate associated with parasitic surface conduction [68].
It also highlights a significant dependence with respect to
the applied bias. The crosstalk level is strongly reduced
for negative bias and when deep depletion is formed below
the BOX, whereas it is enhanced and exhibits higher cutoff
frequencies for positive bias and increased inversion below
the oxide. On the other hand, the passivated wafer exhibits:

— no effect of the applied bias due to the presence of
the trap-rich polysilicon layer below the BOX [55];

— aperfect 20 dB/dec slope which shows that purely ca-
pacitive coupling occurs in the measurable frequency
range (i.e., above the noise floor of the VNA).

CHHHT N\
50 F W= 50 um e 4

-60

No passivation

40 |

IS5,/ [dB]

=70

-80 Ly

1 10 100 1000
Frequency [MHz]

Fig. 18. Crosstalk measured as a function of frequency and under
distinct bias conditions on the unpassivated and passivated HR Si
wafers.

A reduction of crosstalk below 1 GHz is of particular
interest for mixed signal applications, since it is known
from previous studies that the frequency spectrum of the
noise generated by digital logic typically expands to several
hundreds of megahertz, corresponding to multiples of the
clock signal [69], [70] or circuit internal resonance frequen-
cies [71]. The generation of noise in that frequency range
has also been shown to strongly increase the jitter in phase-
locked loops (PLLs), which seem to be particularly sensi-
tive to substrate noise injected at the PLL reference fre-
quency, i.e., in the few hundreds of megahertz range [72].
It is further believed that in terms of crosstalk, the benefits
gained by substrate passivation will even increase in the
future. Indeed, a reduction of the BOX thickness for the
next generations of active SOI devices will be required to
reduce short channel effects and self-heating [73].

In [74], we compare experimental DSN characterizations
of CMOS circuits lying on SOI and bulk Si substrates.
Current injected into the substrate creates substrate voltage
fluctuations (substrate noise). It is mainly created by two
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mechanisms [66]: coupling from the noisy digital power
supply circuit and from switching drains.

The DSN for 8 switching inverter trees biased at either 0.8
or 1.2 V and for an input clock frequency of 225 MHz
has been measured in the case SOI and Si bulk substrates.
DSN for SOI circuit presents a quite different frequency
response (Fig. 19(b)). At low frequency, SOI and Si bulk
present the same kind of response, with the SOI DSN level
decreasing faster with increasing frequency. At higher fre-
quency, the SOI DSN presents a kind of “pass-band filter”
shape, which is not visible in the case of the bulk circuit.

(2)

Noise victim

—&— bulk

—— S0l |

N
S

Noise power [dBm]
o x
S S

-100 ¢

-110

Frequency [GHz]

Fig. 19. (a) Schematic representation of the substrate crosstalk
between digital and analog parts of a SoC; (b) comparison of
the frequency envelope of the measured DSN (clock frequency
=225 MHz, 8 inverter trees).

We have shown in our previous work that this second part
of the frequency response is due to ringing on supply rail,
due to parasitic capacitances and inductances [75]. For
the 1.2 V supply voltage, the SOI technology allows an
important reduction of DSN up to 1 GHz. At higher fre-
quency, the noise due to ringing on supply rail becomes
dominant, and the bulk circuit shows a lower DSN level.
This conclusion is in agreement with the results of studies
on the supply noise showing that special attention should be
paid to supply rail for SOI technology, due to lower intrin-
sic decoupling capacitances [76]. At lower power supply
(0.8 V), as for the bulk, high frequency noise generation
decreases. The ringing supply noise tends thus to be negli-
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gible. The SOI technology presents then better DSN results
than bulk for frequency up to 2 GHz, and similar DSN level
for upper frequency.
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Fig. 20. Frequency spectrum of the measured DSN in (a) stan-
dard and (b) high resistivity SOI substrate (clock frequency
=225 MHz, V;; = 1.2 V, 8 inverter trees).

Figure 20 shows the reduction of the DSN thanks to the
use of HR SOI substrate compared to standard resistivity
SOI. The decrease of the DSN should be even more pro-
nounced if a passivation layer (trap-rich layer) is introduced
underneatch the BOX.

5.3. Nonlinearities Along CPW Lines

High-resistivity silicon substrates are promising for RF ap-
plications due to their reduced substrate loss and coupling,
as presented in the two previous subsections, which helps
to enable RF cellular transmit switches on SOI using HRS
handle wafers [77], [78]. RF switches have high linearity
requirements: for instance, a recent III-V RF switch product
specifies less than —45 and —40 dBm for 2nd and 3rd har-
monic power (H2 and H3), respectively, at +-35 dBm input
power [79]. As requirements become even more stringent
for advanced multimode phones and 3G standards, it is im-
portant to investigate even small contributions to harmonic
distortion (HD).

As explained above, when the CPW line is biased the distri-
bution of potential and free carriers inside the Si substrate
changes like in the case of a classical MOS capacitor. The
variation of carriers distribution in the Si substrate with
the applied bias or large RF signal will thus lead to the ex-
istence of nonlinear capacitance (C) and conductance (G)
associated with the Si substrate. Those variable C and G
are at the origin of the harmonics formation inside the Si
substrate.

Figure 21 shows the harmonic distortion of Al metal lines
on thermally oxidized HRS p-type substrates of different
resistivities. The 1 kQcm substrate presents lower HD
than the 20 Qcm substrate over most of the power sweep.
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Fig. 21.  Measured harmonic distortion for low- and high-

resistivity silicon substrates, and high-resistivity silicon substrates
with trap-rich layers. CPW metal is aluminum on 60 nm of ox-
ide with length of 2.1 mm. The trap-rich layer significantly re-
duces HD.

A drastic drop of the HD is observed when the HR Si
substrate is passivated with a trap-rich layer (as-deposited
amorphous silicon), that is, by at least 50 and 65 dB in H2
and H3, respectively, or to the noise floor. As explained
above, thanks to the high density of traps in the polycrys-
talline silicon or as-deposited amorphous silicon layer lo-
cated at the Si-SiO; interface, the surface potential at this
interface is nearly fixed, and the external DC bias or large
amplitude RF signal applied to the line does not impact the
distribution of carriers inside the Si substrate.

6. Conclusions

The performance of SOI MOSFET technology in mi-
crowaves and millimeter waves has been presented. Nowa-
days, strained SOI N-MOSFET which exhibits a cutoff
frequency close to 500 GHz is really competing with
the III-V technologies. Thanks to the introduction of high
resistivity SOI substrate, the integration of high quality pas-
sives is a reality and the reduction of the substrate crosstalk
is a real advantage compared to Si bulk for the develop-
ment of high integration low voltage mixed-mode appli-
cations. Major semiconductor companies such as IBM,
RFMD, Honeywell, OKI, etc., have already produced sev-
eral products for the telecommunication market based on
SOI RF technologies.

As demonstrated in the present paper, by the introduction
of a trap-rich layer underneath the BOX, HR SOI substrate
can still be improved. Having a polysilicon-based layer
with the thickness of approximately 300 nm sandwiched
between the BOX and the HT Si substrate, CPW insertion
loss, crosstalk, DSN, as well as harmonic distortion are
greatly reduced.
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To summarize, present and future HR SOI MOSFET tech-
nologies are very good candidatea for mixed-mode low volt-
age low power RF and even millimeter waves applications.
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The Impact of Externally

Applied Mechanical Stress on Analog
and RF Performances of SOI MOSFETs

Mostafa Emam, Samer Houri, Danielle Vanhoenacker-Janvier, and Jean-Pierre Raskin

Abstract— This paper presents a complete study of the impact
of mechanical stress on the performance of SOI MOSFETs.
This investigation includes dc, analog and RF characteristics.
Parameters of a small-signal equivalent circuit are also ex-
tracted as a function of applied mechanical stress. Piezore-
sistance coefficient is shown to be a key element in describing
the enhancement in the characteristics of the device due to
mechanical stress.

Keywords— cutoff frequency fr, intrinsic gain, mechanical
stress, piezoresistance coefficient, SOl MOSFET.

1. Introduction

Scaling, channel engineering, high-k metal gate, etc., are
different technological means to improve digital as well as
analog performances of modern metal-oxide-semiconductor
field effect transistor (MOSFET). Process induced strain
whether tensile or compressive applied to the device during
the fabrication process is also receiving increasing attention
as another alternative to enhance the MOS transistor per-
formance [1]. However, the impact of mechanical stress
on the analog and RF characteristics of the transistor is
rarely addressed in the literature [2], [3]. This work pro-
vides a complete study of the impact of mechanical stress
on the dc, analog and RF characteristics of MOSFET tran-
sistors. This investigation is supported by the extraction of
the different parameters of a small-signal equivalent circuit
as a function of the applied mechanical stress. Piezoresis-
tance coeflicient is also calculated based on both dc and RF
measurements. The mechanical stress is applied externally
by means of a 4-point bending measurement setup coupled
with dc and RF probe station.

Externally applied mechanical stress cannot in general
reach the high values of process induced stress. How-
ever, the external application of mechanical stress provides
high precision controllable values of stress, thus providing
a valuable tool for the study of the device properties as
a function of both tensile and compressive stress. Con-
sequently, the results obtained from this study can easily
be extrapolated to higher values of stress, applied either
externally or internally.

This approach has been adopted repeatedly in the litera-
ture, with different variations in setup [4]-[13] knowing
that Colman et al. [14] were the first to introduce this
measurement setup with a single-points bending.

18

In this work, detailed investigation and results of strained
devices are presented in such a way as to be easy to compare
with the literature. Such study, important as it is for the
design of analog and RF circuits has not been presented
before.

2. Measurement Setup and Devices

A four-point bending setup is used to apply external me-
chanical stress from compressive (—250 MPa) to tensile
(250 MPa), i.e., over a range of 500 MPa. A schematic rep-
resentation of the 4-point bending setup is shown in Fig. 1.

lff I R |

t ]

Fig. 1. Four-point bending setup.

Fig. 2. A photograph of the used four-point bending setup with
(a) the microscope, (b) the micrometer screw, (c) the RF probe
holders, (d) the RF probes, (e) the metallic rods used to apply the
mechanical stress on the 4 inch silicon wafer lying in between.
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The value of the applied stress/strain can be calculated us-
ing the following formula [10]:

3Edt
°=%a" M
where o is the applied mechanical stress in Pa, E is the
wafer’s Young’s modulus, d is the maximum displacement
due to the applied force, ¢ is the wafer thickness, and 2a is
the distance between the inner contact points.

Displacement is applied through a micrometer screw and
measured by an optical microscope thus providing the pre-
cision of a few microns (Fig. 2).

Both n- and p-type fully-depleted (FD) silicon-on-insulator
(SOI) MOSFETs are studied, bosth featuring 12 gate fin-
gers (each 24 um wide) connected in parallel. The channel
length is 3 um. The use of long channel devices helps to
avoid short channel effects and hence results in a more ac-
curate and less error prone extraction of equivalent circuit
parameters.

3. Piezoresistance Coefficient

Piezoresistance coefficient in a transistor has been always
defined with regards to the variation of the channel resis-
tivity (or conductivity) as a function of the applied stress
[14]-[16]. It was also introduced as the slope of the vari-
ation of the transconductance with respect to the transcon-
ductance at zero stress (AGy,/Gyo) [4], [6]. In both cases,
the resulting variation with stress is attributed to the depen-
dence of carrier mobility on the applied mechanical stress.
As will be shown in the next section, the same values of the
piezoresistance coefficient could also be obtained from the
variation of the output conductance with respect to the out-
put conductance at zero stress (AG;/Gyo). This confirms
the fact that the piezoresistance coefficient in a MOSFET
device is mainly dominated by the variation of carrier mo-
bility with the applied mechanical stress.

Table 1
Piezoresisitive coefficients 7
for a < 100 > wafer [%/kBar] for N- and PMOSFETs
in parallel and perpendicular orientations [7]

NMOS PMOS
Tl T || Tl ||
—2.30 —4.97 —4.66 +6.48

The value of the piezoresitance coefficient depends on both
the crystalline orientation, and the current orientation with
respect to the applied strain [7], this is shown in Table 1
for a < 100 > Si wafer. In this study, the mechanical stress
is applied transversally with respect to the direction of the
current, while the device channel orientation is <110>.
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4. DC Characterization

Based on dc measurements (performed using a HP4145
device parameter analyzer), the piezoresistance coefficient
is calculated using the variation in transconductance G,
(at Vps = 1.2 V and various Vg, in the saturation regime)
and also the variation in output conductance G, (at Vpg
= 50 mV and Vgg = £2 V; ie., in the linear regime)
with the applied mechanical stress, as shown in Figs. 3
and 4. In both cases, a piezoresistance coefficient of 2
and 1 (10~* MPa~ ), is found for P- and NMOSFETS, re-
spectively.

6 {¥ PMOS
® NMOS o

1 >y
= ¥ P
=2 =

3 .
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Tole-0e . F
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. P

e
-6 +%
-200 -100 0 100 200
Stress [MPa]

Fig. 3. Relative variation of the maximum dc transconductance
Gy, in saturation (Vpg = +1.2 V) for P- and NMOSFETs.

The absolute variation of G,, with the applied mechanical
stress shows is a 2.5 and 0.84% per 100 MPa for P- and
NMOSFETs, respectively, in the saturation region (Vpg =
+1.2 Vand Vgg = £1.5 V).

6 {¥ PMOS
4 ® NMOS ',,-f
”"‘ '
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Fig. 4. Relative variation of output conductance G, in the linear
regime (Vps = 50 mV and Vg = £2 V) for P- and NMOSFETs.

The dc open-loop gain (Ayo) is also improved by applying
mechanical stress. This can be seen through the improve-
ment of the early voltage Vg4 with the applied mechanical
stress since [17]:

Ayo = g_n; “VEa. ()

The first term (g,,/Ips) is constant with stress, since
the mobility is canceled out. An increase of ~0.8 and
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~0.7% per 100 MPa is noticed in Vg4 for P- and NMOS-
FETs, respectively, at Vgg = £1.8 V, as shown in Fig. 5.
However, this increase drops to ~0.3 and ~0.2% per
100 MPa for P- and NMOSFETs, respectively, at Vgs =
+0.6 V. This variation is not dependent on the sensitiv-
ity of mobility to the applied mechanical stress, as is the
case with the piezoresistance coeflicient, since Vg4 can be
approximated by [18]

1
Via = 2, 3)
8D

where the effect of mobility is simplified between the nu-
merator and denominator.

¥ PMOS
14.5 ® \MOS R -
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= 13.5 1 °
S 13.0 1
12.5 1
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e A= v ¥ vy
11.5 1 v
-200 -100 0 100 200
Stress [MPa]

Fig. 5. Variation of early voltage Vg4 with the applied stress at
Vs = £1.8 V for P- and NMOSFETs.

It is also worth to notice that the threshold voltage Vj; is
quite constant with the applied mechanical stress, as can
be seen from Fig. 6. The same applies to the subthreshold
slope S as shown in Fig. 7.

0.4

[0-0-9-9-0-0-0-0-9-9-909-¢]
0.2 4

|w PMOS
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Vy V]

IR ZndEn Al Subauh dus S S s i o &

-200 -100 0 100 200
Stress [MPa]

Fig. 6. Variation of threshold voltage V;;, with the applied stress
for P- and NMOSFETs.

The variation of G,, with the applied mechanical stress
is also studied as a function of gate voltage Vis. In the
saturation region (Vps = £1.2 V), the piezoresistance co-
efficient shows an interesting reduction at Vs values close
to Vi, (—0.3 and 0.36 V for P- and NMOSFETs, respec-
tively). Figures 8 and 9 show values of less than 1 and
0.5% per 100 MPa of the applied mechanical stress for

20
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Fig. 7. Variation of subthreshold slope with the applied stress
for P- and NMOSFETs.
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Fig. 8. Variation of dc transconductance G, with the applied
stress for PMOSFETS as a function of Vg at Vpg = —1.2 V.

P- and NMOSFETSs, respectively. These results show a di-
rect relation between the piezoresistance coefficient and the
density of carriers in the channel. This relation is further
confirmed when studying the variation of G,, in the lin-
ear region (Vps = £50 mV). When the gate bias passes
from |Vgs| > |Vin| to [Vgs| < [Vinl, the channel passes from
inversion to depletion, hence the dominant carriers in the
channel change from holes to electrons and from electrons
to holes for P- and NMOSFET, respectively. As a direct

0.9
¢ [ ]
= 081 ®-- .‘..___.l_-
> " @
g 0.7 1 P; o
5 o
<06 A ,’
& ¥
OS d
3 0.5 "
0.4
0.2 0.4 0.6 0.8 1
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Fig. 9. Variation of dc transconductance G, with the applied
stress for NMOSFETs as a function of Vg at Vpg =1.2 V.
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Fig. 10. Variation of dc transconductance G, with the applied
stress for PMOSFETs as a function of Vgg at Vpg = —50 mV.

consequence, the piezoresistance coefficient value follows
this transformation of the dominant carrier type in the chan-
nel. In PMOSFET (Fig. 10), AG,, goes from 2.3 to 0.75%
per 100 MPa, with the latter value being close to that cal-
culated earlier for NMOSFET. The inverse can be noticed
for NMOSFET as shown in Fig. 11.

2.0
5
S —=-—-
s 1l5{1@ @
=
5 L ]
< °
10 | Lo N T &

5 ] ®
S L [
| * @
e®
05 Vi
0 0.2 0.4 0.6 0.8 1
Ves V]
Fig. 11. Variation of dc transconductance G,, with the applied

stress for NMOSFETs as a function of Vg at Vpg = 50 mV.

This interesting shift in piezoresistance coefficient around
Vin could be very useful for applications such as piezore-
sistance gages or switches.

5. RF Characterization

A 2-port Anritsu 37369A™ vector network analyzer
(VNA) is used to measure the S-parameters as a func-
tion of applied mechanical stress for both the P- and
NMOSFETs. An open structure is used for a I-step de-
embedding procedure. Cutoff frequency fr is extracted
from the de-embedded |H>;|. The maximum of f7 is found
at Vgg = 1.6 V for PMOS and NMOS in the saturation
region (Vpg = 1.2 V). The analysis of the dependence of
fr on the applied mechanical stress is conducted at this
maximum fr point.

Figure 12 shows the relative variation of fr with respect to
fro as a function of mechanical stress. The slope is found
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Fig. 12. Relative variation of cutoff frequency fr with the applied
mechanical stress for P- and NMOSFETs.

to be 1.7 and 0.8 (10~* MPa~!) for P- and NMOSFETs,
respectively. This is slightly lower than the slopes found
for AG,,/Go calculated from dc measurements as shown
in Section 4. The absolute variation in fr is 1.6 and 0.8%
per 100 MPa for P- and NMOSFETs, respectively. It is
interesting to notice that the ratio is 2:1, which is consistent
with the piezoresistance coeflicients ratio.

On the other hand, the ratio fmax/fr shows a negligible
variation with the applied mechanical stress, as can be seen
from Fig. 13. This important figure of merit [19] depends

30 ¥ PMOS
1 ® NMOS
v v
. g N g -
Yy T YT Yy v
o 2.5 1
é
-~ --.---.---——.—-.-—.-—‘—'--.--.--.-—.-----
2.0 1 ®
15 ; ; ; - y
-200 -100 0 100 200
Stress [MPa]

Fig. 13. Variation of (fiuq/fr) ratio with the applied mechanical
stress for P- and NMOSFETs.

basically on the gate and source resistances (R and Ry).
As will be shown later, these resistances show very slight
variation with the applied mechanical stress.

5.1. Small-Signal Equivalent Circuit

It is of interest at this point to investigate the effect of
mechanical stress on the various extrinsic and intrinsic pa-
rameters of the small-signal equivalent circuit. A typical
small-signal equivalent circuit is shown in Fig. 14, where
the elements outside the dashed box are the extrinsic ele-
ments whereas the elements inside the dashed box are the
intrinsic elements. The term extrinsic refers to those ele-
ments which are independent of the bias condition but are
scalable with the active zone. The term intrinsic denotes
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the elements which are dependent on the bias condition and
the size of the active region, thus representing the transistor
behavior [20]. Extrinsic capacitances and inductances are
neglected. Access elements are removed during the 1-step
de-embedding procedure.

Fig. 14. Small-signal equivalent circuit for MOSFETs. The
dashed box contains the intrinsic parameters.

Extrinsic resistances (Rge, Rye and Rg,) are first extracted
using the cold-FET method [21]. The variation of these
extrinsic resistances with the applied mechanical stress is
shown in Fig. 15. Nearly constant behavior with stress can
be clearly seen due to the highly doped drain and source
areas resulting in low piezoresistance coefficient [22].

30
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Fig. 15. Variation of extrinsic resistances with the applied me-
chanical stress for P- (solid symbols) and NMOSFETs (empty
symbols).

After removing the effect of extrinsic resistances, the next
step is to extract the intrinsic elements of the small-signal
equivalent circuit using the direct extraction method pro-
posed in [20]. The extraction is performed in the saturation
region at Vgg = =1.5 Vand Vpg = 1.2 V.

The total gate capacitance (Cge = Cgs + Cgq) shows
a slight variation with the applied mechanical stress,
namely 0.3% per 100 MPa for both P- and NMOSFETs,
as shown in Fig. 16.

The variation of the intrinsic transconductance G, (ex-
tracted from RF measurements) with the applied mechan-
ical stress shows a good agreement with the dc extracted
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Fig. 16. Variation of intrinsic total gate capacitance Cgg with the
applied mechanical stress for P- and NMOSFETs.
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Fig. 17. Variation of intrinsic transconductance G,,; with the
applied mechanical stress for P- and NMOSFETs.

values, taking into account the errors related to the extrac-
tion procedures (extrinsic and intrinsic). A variation of 2.3
and 0.8% per 100 MPa is calculated for P- and NMOSFETs,
respectively, as shown in Fig. 17. On the other hand, the
intrinsic output conductance shows a slight shift from the
values extracted for the transconductance, showing a vari-
ation with the applied mechanical stress of 2.5 and 0.65%
per 100 MPa for P- and NMOSFETs, respectively, as shown
in Fig. 18.
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Fig. 18. Variation of intrinsic output conductance G, with the
applied mechanical stress for P- and NMOSFETs.
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The extraction of all intrinsic parameters is performed for
devices in saturation, i.e., Vpgs =41.2 Vand Vgg=4+1.5 V.
Based on the previous results for Cg, and G,;;, and knowing
that the cutoff frequency fr is usually approximated by

Gm

fr= 27Cy,

“)

it can be seen that the variation in Cg, with the applied
mechanical stress is not negligible, however, it is of sec-
ondary importance, whereas the major effect comes from
the variation in G;;.

5.2. Piezoresistance Coefficient from RF Extraction

The calculation of the piezoresistance coefficient based on
RF measurements could be another important tool to char-
acterize the MOSFET behavior under mechanical stress.
DC measurements of SOI devices, especially G,, and G;
could suffer from some shift due to the self-heating effect.
It is possible to avoid these problems by using the intrinsic
parameters, like G,,; and Gy, extracted from RF measured
data, as presented in the previous section.
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Fig. 19. Relative variation of intrinsic transconductance G,,;

in saturation (Vpg = 1.2 V and Vgg = £1.5 V) for P- and
NMOSFETs.

Figure 19 shows the relative variation of the intrinsic
transconductance G,,; with the applied mechanical stress
for both P- and NMOSFETs. A piezoresistance coefficient
of 2.25 and 0.82 (10~* MPa~!) for P- and NMOSFETs,
respectively, can be calculated from the slope of the cor-
responding variation. These values are close to the values
extracted from dc measurements. The small difference is
related to the corrected transconductance by removing the
self-heating effect.

6. Conclusion

Based on dc and RF measurements, the mechanical stress is
shown to directly affect the dc, analog and RF performances
of P- and NMOS transistors. Most of these effects are
related to the variation of carrier mobility with the applied
mechanical stress, but it was shown that some other effects
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are also related to the variation of the carrier density inside
the channel with the applied mechanical stress.

Cutoff frequencies were shown to vary with the applied
mechanical stress as a direct result of the variation of
transconductance, while the gate capacitance would still
have a slight secondary effect on the variation of cutoff
frequency.

On the other hand, the ratio fiax/fr was shown to slightly
vary with stress since it is dominated by the relatively stable
extrinsic resistances of the transistors.

The ratio between the performance variation in PMOSFET
to the performance variation in NMOSFET with the applied
mechanical stress, was shown to be equal to the ratio of
piezoresistance coefficients of P- to NMOSFETs.

This characterization methodology being limited in this
study to 500 MPa of externally applied mechanical stress,
could be extrapolated to higher values of stress/strain, ap-
plied internally due to fabrication process steps.
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Prospects and Development

of Vertical Normally-off JFETs in SiC
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Abstract— This paper reviews the prospects of normally-off
(N-off) JFET switch in SiC. The potential of selected verti-
cal JFET concepts and all-JFET cascode solutions for N-off
operation is analyzed using simulations. The performance of
analyzed concepts is compared in terms of blocking voltage,
specific on-state resistance, maximum output current density
and switching performance in the temperature range from
25°C to 250°C. The main objective of the analysis is to ascer-
tain consequences of different design and technology options
for the total losses and high temperature performance of the
devices.

Keywords— JFET cascode, normally-off, SiC, vertical JFET.

1. Introduction

A voltage-controlled, normally-off (N-off) SiC switch with
specific on-state resistance of around 1.0 mQcm? is desired
by many applications including the high volume automo-
tive market. During the recent years several concepts in-
cluding metal oxide semiconductor field effect transistor
(MOSFET) and junction field effect transistor (JFET) de-
signs have been developed to realize such an ideal SiC
switch [1]-[4]. The SiC MOSFET would be the device of
choice as soon as the SiO,/SiC interface and reliability is-
sues are solved. Meanwhile, SiC JFET designs are becom-
ing more and more interesting, because of their ruggedness
and the achievable low on-state resistance.

2. Si1C Switch Concepts

The JFET is presently the most mature switch concept in
SiC transistor technology. There are historically several

Maturity

Research

Demonstrator  Development

Prototype  Product

Fig. 1. Maturity of main SiC rectifiers and switches. Expla-
nations: BJT — bipolar junction transistor, GTO — gate turn-off
thyristor, PIN — p-i-n rectifier, JBS — junction barrier-controlled
Schottky rectifier, SBD — Schottky barrier diode.

42009

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

factors accounting for that. First of all, the high electric
field strength and the reasonably high electron mobility of
SiC make unipolar SiC devices interesting for high voltage
applications [5]. As a unipolar device the JFET is forgiving
with respect to material quality and does not suffer from
bipolar instability [6].

In addition, it does not require as high SiO,/SiC interface
quality as that needed in the MOSFET, since it’s function
depends on the conducting channel situated in the bulk of
the device and controlled by the reverse biased p-n junction.
Finally, the wide band gap of the SiC material gives SiC
JFETs advantage of the high temperature operation and fa-
cilitates N-o ff design due to the high value of the build-in
voltage.

Figure 1 illustrates schematically the status of SiC switch
concepts during the last decade.

3. Advantages of JFET Technology

The JFET can be realized using epitaxial growth for the
main voltage controling junctions and for the conduction
channel. In this way ion-implantation can be avoided. Ion
implantation is in these two cases a performance limiting
technology due to excessive damage especially for high
doping concentrations. The high quality of the conduc-
tion channel and good control of the channel dimensions
and doping are crucial for the JFET performance. The
normally-on (N-on) JFET design is capable of extremely
low on-state resistance. Only the SiC BJT has the potential
of comparably low on-state voltage due to the even num-
ber of p-n junctions configured in such a way that they
compensate each other’s built-in voltage in saturation. Fi-
nally, the JFET does not require the use of an anti-parallel
diode reducing the number of semiconductor components
in a system [7], [8].

Normally-on JFETs are not easily accepted by the market
due to system safety requirements, regardless of their excel-
lent on-resistance. N-off JFETs on the other hand require
a narrow and relatively low doped channel to ensure the
N-off performance, and thus pay a penalty in terms of
the on-state performance. N-off JFETs are also vulner-
able to the electromagnetic interference (EMI) noise due
to the small range of the gate control voltage. Hence, the
gate control circuitry for JFETs requires special attention
to ensure reliable operation. In the case of N-on JFETs
the development of inherently safe gate drivers is particu-
larly desired in order to guarantee the safety of the whole
system [9].

25



Mietek Bakowski

4. N-off Epitaxial JFET Concepts

This contribution presents the review of the main epitaxial
SiC JFET concepts and analyzes their prospects for N-o ff
performance based on simulations. The vertical JFET types
discussed here are the lateral channel JFET (LCJFET) [1],
the buried grid JFET (BGJFET) [2], and the dual gate verti-
cal channel trench JFET (DGTJFET) [3]. Furthermore, the
comparison of N-off and N-on SiC JFET designs of these
selected epitaxial concepts in terms of blocking voltage,
specific on-state resistance, current density, and switching
performance trade-offs and limitations is done.

(2)

Source

Drain

(b)

(0) Source Source

H

]

% /’:’/Iw

=

-

§ ::3:;' S

B-gate

fr)

B

Drain

Fig. 2. Schematic drawings of the vertical epitaxial JFET con-
cepts (a) lateral channel JFET, (b) buried grid JFET and (c) double
gate vertical channel trench JFET.

The most successful JFET type in terms of voltage and cur-
rent ratings has been the lateral channel JFET developed by
SiCED [10]. A schematic drawing of the LCJFET design
is shown in Fig. 2(a). The LCJFET allows optimal con-
trol of the channel parameters and offers the largest ease of
fabrication compared to other concepts. It also offers the
use of the inherent body diode as an anti-parallel diode in
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switching applications since the buried gate is preferably
connected to source. This is necessary in order to reduce
the Miller capacitance and thus maintain the high speed of
operation as will be shown later in the paper.

The original LCJFET structure uses ion-implantation for
the gate and the base region, and planar epitaxial growth
for the defect-free channel layer. This leads to advantages
in terms of ease of fabrication, freedom of parameter choice
due to a wide design window, and small fabrication toler-
ances. The disadvantage is a relative large specific on-
resistance, which is related to the large cell pitch due to the
lateral configuration of the channel. In addition, the large
cell pitch of 10 to 16 um makes the use of both gates for
the conduction control not feasible due to the prohibitively
large gate charge required during switching. The concept is
also characterized by relatively low saturation current levels
and in order to achieve low on-state resistance, the demon-
strated LCJFET designs are typically of N-on type.

As will be shown in this paper, the N-off design is not
feasible with the LCJFET concept. The single gate drive
with the buried gate connected to the source is necessary to
mitigate the large Miller effect related to the large cell pitch
that otherwise dominates the turn-off behavior. The large
cell pitch and the single gate drive make the saturation
current levels prohibitively low for any power switching
application.

A schematic drawing of the BGJFET design is shown in
Fig. 2(b). The main advantage of the vertical BGJFET
concept is the small cell pitch that makes low specific on-
state resistance and high saturation current densities pos-
sible. Furthermore, the inherent symmetric gate drive and
the wide design window for the channel length, width, and
doping make the N-off design feasible. The disadvantage
is that optimization of the channel doping is not as easy as
in the case of the lateral channel growth. Trenches have to
be etched in the p-doped grid layer. These etched trenches
must be epitaxially refilled to full extent. In the case of
an implanted grid the possible use of higher doping in the
channel is limited by the necessity to compensate the higher
doped n-layer on top of the drift layer by the p-type grid
implant. The channel doping in this concept is ultimately
limited by the tolerances of the photolithography and trench
etching process. Another disadvantage is that the use of the
integral gate to drain body diode is not readily available
with this concept.

A schematic drawing of the DGTJFET structure suggested
by DENSO [3] is shown in Fig. 2(c). The DGTJFET of-
fers high current rating capabilities for N-off mode opera-
tion. This design combines the advantages of the LCJFET
and the BGJFET concepts by using epitaxial regrowth
in trenches to define the pitch and the direction of the chan-
nel, transforming it from lateral to vertical. The epitaxial
channel is grown on the vertical trench walls with the tol-
erances and the wide design window comparable to the
LCIJFET.

The DGTIFET is basically the same concept as the
LCIJFET, but allows a dramatic reduction of the cell pitch
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and of the Miller capacitances due to the vertical channel.
The low gate to drain capacitance makes fast switching
possible even under dual gate driving conditions, while the
small cell pitch and the dual gate control results in very low
specific on-resistance. The dual gate drive and the wide
design window for the channel optimization gives also ex-
ceptionally high saturation current levels for N-o ff designs.
In addition, the negative temperature dependence of the sat-
uration current is greatly reduced due to the possibility of
using highly doped channels. It has thus the advantages of
the BGJFET, but it also can surpass its performance due
to the larger design window for the channel doping and
width. The use of the integral gate to drain body p-n diode
is possible in this concept. It is, however, a matter of trade-
off with the possible saturation current density as will be
shown later in this paper. The disadvantage of this con-
cept is the complex process involving epitaxial regrowth in
trenches and planarization techniques.

5. AlI-JFET Integral Cascodes

Also, the prospects of integral JFET/JFET cascodes are
discussed. The integral cascode consisting of a high volt-
age (HV) N-on SiC power JFET and a control low voltage
(LV) N-off JFET is a powerful concept for a N-off SiC
switch [8]. The main advantage of the cascode solution is
the greatly increased speed of switching due to the fact that
the buried gate of the high voltage device, which is con-
nected to the source (ground) of the cascode (source of the
LV device), shields the low voltage device, which is driven
by the control gate [11]. The gate to drain capacitance is
thus reduced. In this way the Miller capacitance is being
charged by the main circuit and not by the gate circuit.
Another advantage is the possibility of utilizing the built-
in body p-n diode formed between the buried gate of the
high voltage N-on device and the drain of the cascode as an
anti-parallel diode in the switching applications. Two inte-
gral cascode concepts considered for analysis are shown in
Fig 3. Both are based on a HV BGJFET controlled in first
case by a LV N-off recessed gate JFET (RGJFET) [8] and
in the second case by a LV N-off BGJFET. It is of interest
to analyze the prospects of these integral cascode solutions
for power applications. The hybrid cascode is difficult to
optimize, which results in degraded on-state and switching
performance [12]. In addition, the cascode configuration
with a Si MOSFET compromises the high temperature ca-
pability of the SiC JFET [13].

The integral cascode concept allows the optimization of
the cascode performance and achieves an on-state voltage
comparable to the stand alone N-on JFET with equal volt-
age rating. This is due to several factors. First of all the
LV N-off JFET can be made less N-off by shortening the
channel. This is facilitated by the electric field shielding
effect due to the buried gate of the HV JFET. The limit is
set by the highest tolerated value for the leakage current.
It is very important to have as high doping in the chan-
nel of the LV JFET as possible since the LV N-off JFET

42009

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

Prospects and Development of Vertical Normally-off JFETs in SiC

@) Source Source

£ 2
i’ 5
F &
Drain
(b) Source

T-gate

B-gate

Drain

Fig. 3. Schematic drawings of the all-JFET integral cascode
concepts (a) recessed gate JFET controlled cascode, (b) buried
grid JFET controlled cascode.

determines the current throughput of the whole cascode.
Secondly, the HV N-on JFET can be made more conduc-
tive by increasing the spacing of the buried gate grid. The
limit is set by the electric field crowding at the edges of
the buried grid when spacing becomes too large.

The grid of the N-on HV JFET section must support the full
high voltage. This means the grid spacing has to be cho-
sen so that the premature breakdown due to the enhanced
electric field at the grid corners is avoided. As a result the
cascode with output pentode characteristics may be con-
trolled by a short channel JFET with triode characteristics.
In this case the negative bias appearing on the buried gate
of the HV JFET is beneficial in obtaining output character-
istics with saturation at high current densities and with high
value of the saturation current due to the very low on-state
voltage of the optimized LV JFET. This will be further ex-
emplified below using the concept from Fig. 3(a). It will be
shown furthermore that the cascode optimization potential
increases especially with increasing design voltage. This
is due to the larger field shielding effect and wider grid
spacing range available at lower doping concentrations of
the drift region. The on-resistance values lower than those

27



Mietek Bakowski

of the N-on JFETs are feasible in the voltage range above
1000 V, as will be shown below.

6. N-off Design and High-Temperature
Operation Considerations

The JFET is a unipolar device and as such should show
a significant increase of the on-resistance with tempera-
ture. In the pure case of the resistivity being controlled
by the drift region it should follow the relation of mobility
degradation with temperature due to the phonon scatter-
ing [14].

When operating the JFET at higher junction temperatures
one has also to consider the reduction of the built-in po-
tential with temperature. The reduction of the built-in volt-
age Vp,; with temperature is shown in Fig. 4, V,; defines the
limit of the unipolar operation for the JFET. A reduction
of Vp; by 0.4 V is observed when increasing the tempera-
ture from room temperature to 250°C. For that reason all
the values in this article have been calculated with the ap-
plied gate voltage of 2.4 V which includes also a 10%
margin for the process tolerances.

29t
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Fig. 4. Built-in potential as a function of the temperature calcu-
lated for different channel doping concentrations (see legend) and
obtained from simulations (symbols) of the N-off DGTJFET.

In order to realize the N-off SiC JFET the channel of the
device has to be fully depleted by the gate to source poten-
tial with no applied voltage. This means that the threshold
voltage V;, has to be equal or higher than zero (V;;, > 0).
The potential at a p-n junction at zero applied voltage is
equal to the so called built-in voltage Vj; being the func-
tion of the material band gap E, and the acceptor and donor
doping densities N4 and Np at both sides of the junction

(Eq. (1):

k-T Ny - N, E
(A—D)+_g

Vbiz—-ln .
q Ny - Nc¢ q

)]

A wide band gap material is characterized by a higher value
of Vp;. For 4H-SiC Vp,; is at least 2.5 V as compared to
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0.6 V for Si. For JFETs, the highest gate voltage that
can be applied in forward direction without entering the
bipolar mode of operation is given by the built-in poten-
tial of the gate-source junction. The gate-source built-in
voltage calculated using Eq. (1) is shown in Fig. 1 for the
gate region doping of 10'°cm™3 and the channel doping
of 10150m’3, 10'%cm =3, and 10"7c¢cm3. For comparison
the applied gate voltages, obtained from simulations of the
N-off DGTIFET with a channel doping of 4-10'%cm~3, at
which a significant injection current in the channel is ob-
served, are included in Fig. 4. A correction of 2k7T /¢ due
to the majority carrier distribution tails has been subtracted
from the calculated Vj,; values [15]. The values of other
parameters are after [14].

The channel doping and width have to be selected satisfying
the following condition for the symmetrical gate configura-
tion

q-Np-Tj,

Vin = Vi — 26 8

; 2
where: Vj, is the threshold voltage, Np is the channel dop-
ing and T, is the half-width of the channel. The second
term in Eq. (2) is the so called pinch-off voltage as ob-
tained from the Poisson equation in the case of an abrupt
asymmetrical junction.

In this case the gate doping concentration is much higher
than that of the channel region. Partial derivation and nor-
malization of Eq. (2) yields:

AVi _ ANp | 2-AT,,

, 3
Vin Np T =2

where: ANp and AT, are technological tolerances of
channel doping and channel width.

Since the N-off operation requires V;;, > 0, it is clearly
seen from Eq. (3) that the current handling capability
of the N-off device is by necessity derated due to pro-
cess tolerances. A design with smaller doping and channel
width compared to the one with maximized channel con-
ductivity has to be used to realize a stable N-off device
(see Eq. (4)).

In a similar way it can be shown that the choice of the
highest possible channel doping is beneficial for compen-
sating the resistivity degradation with temperature caused
by phonon scattering. The channel conductivity is propor-
tional to three temperature dependant parameters, the elec-
tron mobility L, the electron concentration in the chan-
nel assumed to be equal to the ionized doping concentra-
tion N7, and the active channel width 2 (T, — wy,):

O~ My N - 2(Top — w). (4)
Derivation and normalization of Eq. (4) gives:

Ac Ay, N ANS — Aw, )

- )
ORT  MnRT Npjgr  Teh—Warr

where: Or7, Up,rT» Np,RT> Wn,RT are the room tempera-
ture (27°C) values of the conductivity, the electron mobil-
ity, the donor density, and the space charge width, respec-
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tively, Ao, Al,, ANLJ)r , Aw,, are the differences of the tem-
perature dependent parameters with respect to their room
temperature values.

The sensitivity of the channel resistivity to the listed param-
eters can now be evaluated using the following temperature
dependencies:

Uy ~ T*Z.IS, (63.)
Np 0.065
+ 1= . Rt
and
Vii(T) — Vi
Wy ~ % (60)

The temperature dependent parameters electron mobility
W, (T), density of states of the conduction band N¢(T'), den-
sity of states of the valence band Ny (T'), band gap E4(T')
and donor activation energy E; = 0.065 eV are after [14]
and V;;(T) is given by Eq. (1). Incomplete ionization ap-
plies in the channel region only and in the space charge
region 100% ionization is assumed.

Equation (5) has been evaluated for the gate region dop-
ing of 10"°cm™3 and the channel doping of 10%cm~3,
10'%c¢m =3, and 10"7cm ™3 with Vg = 2.4 V. The relative
change of the channel resistivity with temperature normal-
ized to the room temperature value is shown in Fig. 5.
The compensating effect of the high donor density becomes
significant in lowering the temperature degradation of the
channel resistance for donor densities above 10'°cm—3.
This is because the effect of incomplete ionization becomes
more significant at high doping densities. The contribution
of the last term in Eq. (5) can be neglected.

5
s 4
4| TN 10]6cm_3 /-V
—=- Np,=1:10 cm &
&
E 3
&
B9
1¢ 4
300 400 500 600
Temperature 7' [K]
Fig. 5. Channel resistance R.,(7T) normalized to the room

temperature value Ry, gy as a function of the temperature cal-
culated for different channel doping concentrations (see legend)
using Eq. (5).

Low on-resistance and high output current density are two
critical demands for a N-off design. Both require chan-
nel doping and width, and gate control voltage as high as
possible. The maximum allowed control gate voltage value
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is however compromised by the maximum operating tem-
perature of the device according to Eq. (1). Maximization
of both the channel width and the channel doping is not
possible with respect to the Vj;, condition (Eq. (2)). The
optimization of the channel width and doping must be per-
formed with respect to R,, and V;; as discussed later in
this paper. At the same time the optimal choice of the dop-
ing and of the width of the channel is compromised by the
actual process tolerances given by the selected technology
according to Egs. (2) and (3).

7. Simulation Study of N-off JFETs and
All-JFET Cascodes

We have analyzed the potential for N-o ff operation of se-
lected epitaxial vertical JFET concepts using simulations.
The breakdown voltages, the specific on-state resistance,
the maximum controllable current value at the applied drain
voltages of 1.0 V and 10 V have been used as evaluation
parameters in the temperature range from room tempera-
ture (27°C) to 250°C. The simulated structures are of both
N-on and N-off type and cover the design voltage range
from 600 V to 4500 V. When it comes to N-off behavior,

Table 1
Summary of design parameters of simulated N-on and
N-off JFET and cascode structures with state of the art

dimensions
11
Device | By | Ly | 2T |  No Igtech Np | Wp
type | [V] |[um]|[um]| [cm~?] (um] [em ™3] |[um]

N-off JFETs
DGTJFET| 850 | 1.8 | 0.4 | 4-10'° ] 3.6 [7.5-10%] 7.5
1900/ 1.8 | 0.4 | 4-10' | 3.6 [7.5-10"3| 12
BGIJFET [600| 1.0 [0.27] 4-10% [2.69| 4-10%° | 6
1200/ 2.0 | 0.6 |1.5-10'| 3.0 |1.5-10'%| 7.5
2500 2.0 [0.75]3-10' |3.15|3-10"0 | 12.5
LCJFET1|750| 1.0 | 0.6 [1.2-10'% 10 [ 4-10'®| 7
10 um [1350] 1.0 | 0.6 [1.2-10' 10 [1.5-10'¢ 7
pitch  [3000( 1.0 | 0.6 [1.2-10'% 10 [ 3-10" | 15
LCJFET2|750| 2.0 | 0.6 [1.2-10'% 16 [ 4-10'°| 7
16 um [1350[ 2.0 | 0.6 [1.2-10'| 16 [1.5-10'¢ 7

pitch  [3000[ 2.0 | 0.6 [1.2-10'% 16 [ 3-10" | 15
Cascodes

RGJFET | all [0.35]0.35]7-10 | 48 | 7-101 | 2.4

BGIJFET [550| 0.6 | 2.4 | 4-10'¢ | 48 | 4-10'¢ | 6.4

1250| 0.6 | 2.4 {1.5-10'9 4.8 |1.5-10'9 11.4

4200| 0.6 | 2.4 | 4-101 | 4.8 | 4-101 |31.4
N-on JFETs
BGJFET |600| 1.0 | 1.0 | 4-10'° | 4.0 | 4-10'° | 6

1200| 2.0 | 2.0 {1.5-10' 5.0 |1.5-10'] 7.5
25000 2.0 | 3.0 | 3-10'% | 5.5 | 3-10'% | 12.5
4500/ 2.0 | 3.0 [ 2-1015 | 6.0 | 2-1015 | 30
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each JFET concept has its own limitations depending on the
applied design and process technologies. First a number
of idealized N-off BGJFET, DGTJFET, LCJFET and cas-
code structures with possibly wide and practically achiev-
able channel dimensions have been designed and evaluated.
The cascode structure is based on a HV BGJFET controlled
by a short channel LV RGJFET (see Fig. 3(a)).

The design parameters of these structures are summarized
in Table 1. Secondly the stand alone BGJFET and RGJFET
structures are optimized by adjusting the channel doping
separately from the drift region doping and by reducing
the channel dimensions in the submicron region. The op-
timized stand alone JFET structures are compared to the
corresponding cascode concept presented in Fig 3.

The optimization procedure is explained with reference
to Fig. 6 showing the case of the N-on BGJFET with
Vin = —10 V [16]. In general a lower channel doping den-
sity means that the potential barrier can be formed with
a lower negative gate bias. This will however result in
higher specific on-resistance for the structure. On the other
hand too high channel doping results in reduced blocking
voltage capability. This means that the optimum N, value
for a given W, is the highest doping density giving full
blocking voltage at specified threshold voltage, which can
be seen in Fig. 6. The optimization of the integral cascodes,
on the other hand, involves the selection of the largest pos-
sible spacing for the high voltage grid and of the shortest
possible channel length for the low voltage JFET.

]

- \ - W, = 1.5 um
1000 |—— 2\
800 ——

- W,=1pum
=<=w,=0.5um
600 — \L\
400 s

|
i
L ma 1

10 10 10
Channel dopmg concentration, N, [em ]

Breakdown voltage, V. [V]

Fig. 6. Reverse blocking voltage, Vpr as a function of channel
doping concentration, N, for N-on BGJFET with V;;, = —10 V
at 250°C.

In Fig. 7 the specific on-resistance is shown as a function
of the channel length (a) for the 600 V stand alone RGJFET
and RGJFET controlled cascode and (b) for the 600 V stand
alone BGJFET and BGJFET controlled cascode for differ-
ent channel widths. The calculations are done at 250°C
and all the structures have the optimal channel doping as
explained above.

The design parameters of this second set of structures
are summarized in Table 2. All simulated structures sat-
isfy the condition of the leakage current being well below
1 pA/em? at zero applied gate voltage and 250°C.

30
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Fig. 7. Specific on-resistance for (a) the stand alone 600 V
RGJFET (empty symbols) and RGJFET controlled cascode (filled
symbols) and (b) the stand alone 600 V BGJFET (empty symbols)
and BGJFET controlled cascode (filled symbols) as a function of
channel length, L., at 25°C with channel width, 27, as a pa-
rameter.

The specific on-resistance values for the state of the art
structures are presented in Fig. 8 and for the submicron
channel-length structures in Fig. 9.

The maximum controllable current density values are sum-
marized in Tables 3 and 4, respectively. Only dual gate
data are shown in Table 3 for LCJFETS, since the satu-
ration current density values for all investigated LCJFET
structures with 16 um cell size and single gate drive are be-
low 10 A/cm?. The corresponding single gate drive current
density values for the structures with 10 um cell pitch are
lower than 270 A/ecm? and 150 A/em? at 27°C and 250°C,
respectively. These prohibitively low current density values
make the single gate N-off LCJFETs not useful for power
switching applications.

As can be seen in Fig. 8 the N-off designs have a weaker
temperature dependence compared to the N-on designs.
The on-state resistance of the N-off structures is to a large
extent dominated by the channel resistance. The drift re-
gion resistance dominates in the high voltage N-on struc-
tures where the ideal phonon scattering related type of tem-
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Fig. 8. Temperature dependence of the specific on-resistance

for different JFET structures as described in Table 1. The on-
resistance based on the phonon scattering limited carrier mobility
is shown as dotted line.

Table 2
Summary of design parameters of optimized N-off JFET
and cascode structures with submicron dimensions

Device | By | Ly, |2Tu, Nch3 52:1 ND3 Wo
type | [V] |[um]|[um]| [cm™°] s [em™] | [um]
N-off JFETs
RGIFET|600| 0.8 | 0.2 | 9-10'° | 2.4 | 4-10' | 7.0

1200 0.8 | 0.2 | 9-10'° | 2.4 1.5-10'° 10.0
3000/ 0.8 | 0.2 |9-10' | 2.4 | 3.10 | 15.0
BGJFET| 600 | 0.6 | 0.2 {1.5-10'] 3.6 | 4-10'° | 7.0

1200| 0.6 | 0.2 [1.5-10"7| 3.6 |1.5-10' 10.0

3000/ 0.6 | 0.2 {1.5-10"7| 3.6 | 3-10" | 15.0
Cascodes

RGJFET| all | 0.6 | 0.2 {9-10°| 24 [9-10'°| 14

BGJFET| 600 | 1.0 | 1.4 | 4-10'° | 2.4 | 4-10'° | 7.0

1200| 1.0 | 2.0 |1.5-10'° 3.0 |1.5-10'% 10.0
3000/ 1.0 | 2.8 [ 3-10"% | 3.8 | 3-10" | 15.0
RGJFET| all | 0.4 | 0.2 [1.6-10"| 3.6 |1.6-10"| 1.0
BGJFET| 600 | 1.0 | 1.4 | 4-10' | 3.6 | 4-10'° | 7.0
1200| 1.0 | 2.0 |1.5-10'% 3.6 |1.5-10'% 10.0
3000/ 1.0 | 2.8 [ 3-10"% | 3.6 | 3-10" | 15.0
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perature dependence is observed. The contribution of the
highly doped substrate is not included in the data of Figs. 8
and 9. The substrate will dominate at lower voltage levels
and reduce the temperature dependence due to the ionisa-
tion of dopants in the same way as demonstrated for high
channel doping in Fig. 5. It is interesting to note that the
simulated cascode structures show a negative temperature
dependence of the on-resistance up to the design voltage
of about 1200 V. This behavior is related to the potential
barrier present in the case of short and relatively low doped
channel in recessed gate JFET.

10

2

Specific on-resistance [mQcm |

¥~ RG-C 600V
= RG-C 1200 V
=7 RG-C 3000 V

—_
T

—- RGJFET 600V
I RGIFET 1200 V
-1 RGJFET 3000 V
-@-BGJFET 600V
-(®-BGJFET 1200 V

- BG-C 600V
<)~ BG-C 1200 V

- BG-C 3000 V -O- BGJFET 3000 V
0.1
300 350 400 450 500 550
Temperature [K]
Fig. 9. Temperature dependence of the specific on-resistance

for different JFET structures as described in Table 2. The on-
resistance based on the phonon scattering limited carrier mobility
is shown as dotted line.

The current flow in the presence of such a potential bar-
rier is strongly temperature dependent and has a positive
temperature coefficient thus compensating the resistivity
increase due to the phonon scattering mechanism. Tem-
perature dependence of the current flow over the 2D po-
tential barrier is similar to that of the current flow through
a p-n junction. The reason for the change in behavior with
the increasing design voltage is the competition between
the negative temperature dependence of the on-resistance
due to the lowering of the potential barrier present in the
channel of the recessed gate LV JFET and the positive tem-
perature dependence due to the mobility degradation in the
drift region.
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Table 3
The output current densities of simulated N-on and N-off JFET and cascode structures
with state of the art dimensions at drain voltages of 1 V and 10 V for different temperatures

27°C 150°C 250°C
. (i?\tlz By JIps JIps Jps Jps Jps JIps
Device type v V] Vps=1V | Vps=10V | Vpg=1V | Vps=10V | Vps=1V | Vpg=10V
oS [Alem?] [Alem?] [Alem?] [Alem?] [Alem?] [Alem?]
24V)
N-off JFETs
DGTIJFET DG 850 1000 2600 1000 2600 350 1000
DG 1900 760 2600 500 2600 250 980
BGIJFET SG 600 1330 2000 830 1400 500 800
1200 625 1100 430 750 230 380
2500 200 285 90 150 60 190
LCJFET DG 750 210/70 460/80 130/44 220/60 120/44 190/60
10/16 um 1350 190/60 270/70 120740 190/50 110740 170/50
pitch 3000 110/50 230/70 60/30 160/50 50/30 150/50
Cascode SG 550 450 2000 650 2200 800 2400
JFET 1250 390 1800 440 1950 500 2000
4200 150 1000 80 750 60 650
N-on JFETs
BGIJFET SG 600 1000 1300 600 950 490 800
1200 1200 9000 600 4500 400 3000
2500 420 1000 200 1600 140 3200
4500 90 700 40 350 30 250
Table 4
The output current densities of optimized N-off JFET and cascode structures
with submicron dimensions at drain voltages of 1 V and 10 V for different temperatures
27°C 150°C 250°C
. ((11?::3 By Jps Jps Jps Jps Jps Jps
Device type Vis V] Vps=1V | Vpg=10V | Vpg=1V | Vps=10V | Vps=1V | Vpg=10V
24 V) [A/em?] [A/em?] [A/em?] [Alcm?] [Alcm?] [A/cm?)
N-off JFETs
RGJFET SG 600 2600 4900 1600 3900 1200 3400
1200 1380 3700 730 2900 600 2500
3000 290 2400 145 1300 110 900
BGIJFET SG 600 3200 7700 1900 5700 1300 4700
1200 1500 7000 800 4900 550 3900
3000 210 2300 145 1300 125 910
Cascodes
RGIJIFET/ SG 600 2650 7400 1500 5600 1000 4250
BGIJFET 1200 1200 5500 6250 4000 410 3000
3000 220 1750 105 920 75 600
BGIFET/ SG 600 2100 8200 1120 5600 760 4400
BGIJFET 1200 880 5300 510 3500 360 2500
3000 90 630 90 620 70 520
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The drift region mobility degradation dominates for volt-
age designs above 1200 V while the channel barrier low-
ering dominates at lower design voltages. This is further
illustrated by the output characteristics shown in Fig. 10.

(@)
2000
600 V cascode
1500
=
Q
Z 1000
&
~
500
0
Vps[V]
(b)
1000
3300 V cascode
750 /,’ ’.,./
z’/,’/".’.
— 7
NE e ././
Q /f e
< 500 - /.’ =
2] s —
2 ///. =
//' == T
250 1 /_/’ et ]
/ /,/' ot
/‘/,/’////
“ //
0 - |
0 5 10 15 20
Vps [V]
----V;=22VRT -==-V;=24VRT
—-— V;=22V150°C —-=V; =24V 150°C
— V;=2.2V250°C — V=24V 250°C

Fig. 10. Output characteristics of (a) 600 V and (b) 3.3 kV inte-
gral cascodes based on the high voltage BGJFET and controlled
by low voltage RGJFET.

It can be seen that the cascode devices display a triode
like type of the current voltage behavior at lower current
densities, which begins to resemble pentode like output at
higher current densities. The tendency towards the triode
like characteristic is also more pronounced at lower temper-
atures and the transition to the pentode like characteristics
is promoted by increased temperature. This behavior is
consistent with the existence of the potential barrier in the
channel of the LV RGJFET substructure. The transition to
the pentode behavior is due to the biasing of the gate of the
HV JFET by on-state voltage generated in the upper part
of the structure.
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DGTIFET N-off
0.1 ‘
100 1000 10000
Blocking voltage [V]
Fig. 11. Simulated and experimental (symbols) specific on-

resistance versus blocking voltage for various N-on and N-off
JFET and cascode structures with state of the art dimensions.

In Fig. 11 the specific on-resistance values for state of the
art structures including contribution of the thinned 100 um
thick substrate are shown versus blocking voltage together
with best published experimental data for LCJFET [13],

100 \
SiIGBT
SiC IGBT __4_4
Si MOS SiC PiI\'I'

o Si PiN
10 | ’
= = = = BGJFET N-on p)
O  RGIFET N-off v

[ ] RGIJFET cascode

SiC N-on

Specific on-resistance [mQcm |

BGIJFET
Si limit
1 2
IR
R
____-———1-0-91;1’-3’100 pm | | 4H-SiC limit
o0 1000 10000

Blocking voltage [V]

Fig. 12. Simulated specific on-resistance versus blocking voltage
for stand-alone N-off RGJFET and RGJFET controlled cascode
structures with submicron dimensions.

33



Mietek Bakowski

100
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O  BGIFET N-off ]
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—_

100 1000
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10000

Fig. 13. Simulated specific on-resistance versus blocking voltage
for stand-alone N-off BGJFET and BGJFET controlled cascode
structures with submicron dimensions.

BGIJFET [17], and DGTJFET [18] and theoretical curves
for N-on LCJFET and BGJFET structures with threshold
voltage of —50 V [5]. Finally, in Figs. 12 and 13 the
specific on-resistance values for optimized N-off RGJFET
and RGJFET controlled cascode and N-off BGJFET and
BGIJFET controlled cascode are shown versus blocking
voltage. It is demonstrated that on-resistance values lower
than those for the N-on BGJFET with V,, = —50 V are
feasible for optimized N-off stand alone RGJFET and
BGIJFET structures. It can also be seen that on-resistance
values comparable to those for the N-on BGJFET with
Vin = =50 V are feasible for optimized integral cascodes
of both investigated types especially in the voltage range
above 1.0 kV.

8. N-off Design and Switching
Considerations

The JFET concepts containing both the buried gate and
the top gate have the possibility of single gate or double
gate operation. In the first case only one gate is utilized
for device control while the other is connected to source
(ground). In the second case both gates are connected to
the gate unit and used in parallel. In the case when the
buried gate is connected to the source the devices have
the ability to utilize the internal body diode removing the
necessity of an external anti-parallel diode in many inverter
and converter applications. This capacity is also inherent
to the cascode concept [8].

Connecting the buried gate to the source makes switching
much faster and reduces both the charge supplied by the
gate unit and turn-off losses since the charge necessary to
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charge the Miller capacitance is supplied by the main circuit
and not by the gate drive unit. The effect can be understood
as a buried grid shielding of the top gate contact so that the
Miller capacitance seen by the gate unit is greatly reduced.

The comparison of the turn-off switching characteristics of
the single gate and the dual gate switching in the case of
the N-on LCJFET structure is shown in Fig. 14. The gate
charge Q, and the turn-off losses E, s are 3.3-107° C and
8.3-1072 J for the top gate control and 2.1-10~7 C and
3.5-1073 J for the double gate control case, respectively.
The driving conditions are the same. The conclusion from
Fig. 14 is that the N-off LCJFET will necessarily suffer
from slow switching speed since it requires dual gate con-
trol in order to pass reasonable forward currents as can be
seen in Table 3.

140 T 800
. Top gate —— current Jpg
120 :: - - - voltage Vg
L S R el |
100 ¢ Ay 600
o ’ Dual gate _
5 sop sl =
< /. 400 g
2 60 4 ~
~ 1 ,’
40 - ’
i R4 F 200
1 ’
20 t I:k /,/
(U = 0
0 1 2 3 4 5
Time [ps]

Fig. 14. A comparison of the top gate and double gate switch-
ing characteristics of the N-on LCJFET structure with V;;, =
—50 V and 16 um cell pitch. Turn-off in inductive circuit with
Rg =50Q.

In Fig. 15 the same comparison is done for the N-off
DGTIJFET structure and N-off LCJFET structure with cell
pitch of 10 um. The channel length is 1.0 um in both
cases. The gate charge O, and the turn-off losses E, s are
1.6-107° C and 7.5-107° J for the DGTJFET with buried
gate control, 1.2-107° C and 1.3-1072 J for the DGTJFET
with top gate control, 2.5-10° C and 2.2-1072 J for the
DGTJFET with buried and top gate control, and 3.3-107% C
and 8.3-1072 J for the N-off LCJFET with dual gate con-
trol under the same driving conditions. It shows that the
sacrifice of the switching speed is much less severe in the
case of the DGTJFET structure due to the much smaller cell
pitch and thus the smaller Miller capacitance attributed to
both the buried and top gates.

The turn-on of N-off JFET devices tends to be slow de-
pending on the very low voltage swing between the thresh-
old voltage and the maximum allowed gate voltage given
by the V},; available for charging the gate. Due to the low
charging voltage the channel resistance plays a crucial role
in controling the speed of the turn-on process as well as
the RC constant of the device. Based on numerical sim-
ulations, the increase of the channel doping in the range
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Fig. 15. A comparison of the switching characteristics of the
N-off DGTIFET using the buried gate, the top gate and both
gates with a N-off LCJFET with 10 um cell pitch and double
gate control. Turn-off in inductive circuit with Rg =2 Q.

1-10"°cm™3 to 1-10'7 ¢cm 3 reduces the turn-on time (and
turn-on losses) during inductive switching of the DGTJFET
by one order of magnitude [18]. The effect of the channel
doping on the top gate capacitance and turn-off switching is
opposite, however the influence of the increased gate capac-
itance due to the increased channel doping on the turn-off
time and turn-off losses is much smaller [19]. The require-
ment of maximizing the channel doping for the increased
turn-on speed of the N-off device coincides with the re-
quirements for the improved high temperature operation as
discussed earlier.

100 100
o Ly
Vy=0V ""Eo//
O
Wape. —
2 10 S 10 g
El =
£ e
E )
e s
1.0 )
S v, =50V 1.0 =
0.1 0.1
0 0.5 1.0 1.5 2.0 2.5
Channel width [um]

Fig. 16. Turn-on and turn-off energy for N-on and N-off 1.2 kV
BGIJFET structures with Ipg = 100 A/cm?, Vpg = 600 V and Rg =
1 Q as a function of the channel width at 250°C.

The example of switching energy dependence on the de-
vice design is given in Fig. 16. The turn-on and turn-off
energy is shown for 1.2 kV N-on BGJFET designs with
threshold voltage values of V;;, = —50 V and —10 V and
for N-off BGJFET design (V;;; =0 V) as a function of
channel width at switching conditions 100 A/cm?, 600 V
with Rg = 1 Q at 250°C [16]. The devices have a chan-
nel length of 1.6 um. Switching properties and switching

42009

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

Prospects and Development of Vertical Normally-off JFETs in SiC

losses E,, and E, s are related to channel doping concen-
tration, N., and channel width, W, as discussed above.
In addition, with conventional gate drive, the charging time
of JFET capacitances depends strongly on the available gate
driving voltage which is related to the V;, value. Because
of that the N-on BGIFET devices will have significantly
lower turn-on and turn-off losses compared to the N-off
design. The difference in the turn-on losses is especially
large and more than two orders of magnitude between the
N-on device with V;;, = —50 V and N-off device. The dif-
ference in turn-off losses is at the same time about a factor
of two.

9. Summary and Conclusions

Prospects of N-off SiC JFET switch are studied by sim-
ulation. Several possible epitaxial switch designs are re-
viewed and compared. The influence of the device design
on the conduction and switching performance is investi-
gated in the wide range of N-on to N-off designs with the
threshold voltage values from —50 V to 0 V. The advan-
tages of the epitaxial JFET designs for high voltage high
temperature operation in the voltage and temperature range
of 0.6 kV to 3.0 kV and 25°C to 250°C, respectively, are
demonstrated.

The relative merits and limitations of LCJFET, BGJFET
and DGTIFET concepts are clearly demonstrated. The
stand alone RGJFET and BGJFET concepts are compared
to the integral cascode solutions. It is shown that integral
cascodes can be optimized to be competitive with and supe-
rior to stand-alone switches. It is furthermore demonstrated
that the utilization of the N-off JFET and JFET cascode
switch requires development of efficient gate driving meth-
ods to overcome the limitation of slow turn-on.
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Abstract— An analysis of the measured macroscopic within-
wafer variations for threshold voltage (V,,) and on-cur-
rent (I,,) over several technology generations (180 nm, 100 nm
and 65 nm) is reported. It is verified that the dominant
microscopic variations of the MOSFET device can be ex-
tracted quantitatively from these macroscopic variation data
by applying the surface-potential compact model Hiroshima
University STARC IGFET model 2 (HiSIM2), which is
presently brought into industrial application. Only a small
number of microscopic parameters, representing substrate
doping (NSUBC), pocket-implantation doping (NSUBP),
carrier-mobility degradation due to gate-interface roughness
(MUESR1) and channel-length variation during the gate for-
mation (XLD) are found sufficient to quantitatively repro-
duce the measured macroscopic within-wafer variations of
Vin and I, for all channel length L and all technology gen-
erations. Quantitative improvements from 180 nm to 65 nm
are confirmed to be quite large for MUESRI1 (about 70%)
and Lp,;,(XLD) (55%) variations, related to the gate-oxide
interface and the gate-stack structuring, respectively. On
the other hand, doping-related technology advances, which
are reflected by the variation magnitudes of NSUBC (30%)
and NSUBP (25%), are found to be considerably smaller.
Furthermore, specific combinations of extreme microscopic
parameter-variation values are able to represent the bound-
aries of macroscopic fabrication inaccuracies for Vy;, and I,,.
These combinations are found to remain identical, not only
for all L, of a given technology node, but also for all inves-
tigated technologies with minimum L; of 180 nm, 100 nm
and 65 nm.

Keywords— compact model, fabrication inaccuracy, field-effect
transistor, macroscopic, microscopic, potential at channel sur-
face, silicon, within wafer.

1. Introduction

As the dimensions of metal oxide semiconductor field ef-
fect transistors (MOSFETS) are scaled down, the effects of
microscopic fabrication inaccuracies due to process vari-
ations are increasingly affecting the macroscopic varia-
tion of MOSFET performances and turn out to be in-
creasingly difficult to manage and mitigate [1]. Experi-
mental and theoretical variation analysis is normally based
on macroscopic MOSFET properties like threshold volt-
age V;, or on-current /,,. Determining the correlation of
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the macroscopic variation data with microscopic MOSFET
properties, like doping concentrations, structure parame-
ters or carrier mobility, has been always a difficult task.
An important reason is that the standard V;,-based com-
pact models for circuit simulation, like BSIM4 [2], don’t
provide a sufficiently physical correlation between macro-
scopic MOSFET performance and microscopic MOSFET
parameters, so that numerical technology computer aided
design (TCAD) software has to be applied for this pur-
pose. One recent method for improving this situation is
the application of predictive technology models (PTM)
in combination with a V;,-based compact model [3], but
having the predictability already included in the compact
model is of course preferable. Many studies also fo-
cus on just one type of the macroscopic variation aspects
like V;, [4], because a comprehensive analysis of several
macroscopic-variation aspects is more difficult and hard to
accomplish.

We report an analysis of V;, and I,, variations over
3 process generations and verify that microscopic varia-
tions can be extracted by applying surface-potential com-
pact models like Hiroshima University STARC IGFET
model 2 (HiSIM2) [5], [6], which are presently in
the process of being brought into industrial application.
Only 4 microscopic parameters, which are related to
substrate doping (NSUBC), pocket-implantation doping
(NSUBP), gate-interface-roughness carrier-mobility degra-
dation (MUESRI) and channel-length variation during
gate structuring (XLD) are found sufficient to quantita-
tively reproduce within-wafer variation of V;;, and I,, over
all channel length (Lg) and all 3 technology generations
with a minimum L, of 180 nm, 100 nm and 65 nm. All
of the 3 analyzed technologies apply a pocket-implantation
technology for suppressing the performance degradations
due to the short-channel effects and are chosen from dif-
ferent manufactures to obtain a more general picture of the
technology trends.

2. Surface-Potential Compact
Models

A new generation of compact models for circuit simula-
tion, like HiSIM2 [5], [6] or PSP [7], uses a model concept
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based on the surface-potential ¢s in the MOSFET channel
below the gate oxide and incorporates the complete drift-
diffusion theory for the MOSFET device [6], [8]. These
surface-potential compact models replace the regional ap-
proach of V;,-based models like BSIM4 with a single equa-
tion, which is valid for all operating conditions and whose
parameters have a close correlation to the structural and
physical MOSFET parameters.

For example, the V;;, variation due to the substrate dop-
ing NSUBC (called NDEP in BSIM4) of a long and
wide MOSFET, depicted for BSIM4 and HiSIM?2 in Fig. 1,

HiSIM2

AV, [%]

Analytical Eq.

NMOS
W,=10 pm
L,=1pm

NSUBC [%]

Fig. 1. Comparison of V;;, as a function of substrate im-
purity variations for a long and wide MOSFET as predicted
by the surface-potential model HiSIM2 and by the threshold-
voltage-based model BSIM4 for a 100 nm technology. The re-
sult with the conventional analytical V;;, equation, which neglects
the pocket-implantation contributions, is also shown by a dashed
line.

with model parameters extracted from a 100 nm CMOS
technology, is obviously not correctly reproduced by the
Vip-based model BSIM4. On the other hand, HiSIM?2 is
close to the standard analytical solution with a slight de-
viation explained by the fact that the analytical solution
neglects the pocket implantation. Correct scaling proper-
ties of the HiSIM2 model parameters are confirmed with
3 wafers fabricated in the same 100 nm process, but with
deliberately different substrate doping.

Figure 2 verifies, that the extraction of HiSIM2 pa-
rameters from the typically-implanted wafer’s (wafer CCC)
nominal chip is sufficient to predict the I,, —V;, charac-
teristics of the 2 differently implanted wafers, namely
wafer FFC with reduced substrate doping and wafer SSC
with increased substrate doping, by only adjusting the
respective parameter NSUBC in the HiSIM2 model ap-
propriately. This predictability of MOSFET character-
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istics through adjustment of the correlated physical pa-
rameter is even true for current derivatives with respect

(@)
T T T
L,=1pm
0 = ¢ NMOS
W,=10 pum
L V=12V
10 { FFC ° V=12V
Iy -
é: 0 t+ (ﬁ/_\ Extracted 3
2 ccc . ®
o % |
- |9 HiSIM prediction SSC L
[ 1 [
-10 -5 0 5 10
NAG
(b)
T T T T 1 T
20 L,=0.1um 1
10 o .
-
EN 0 - W—\ Extracted N
3 ———x
3 He
cce o) xx ¥
x &’ o |
€0 F 3
X3
_‘ HiSIM prediction SSC .
20 P ®
L 1 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
AV, [%]

Fig. 2. Prediction of the inter-wafer variations of V;;, and I, due
to the microscopic variation of the substrate doping (NSUBC)
with the surface-potential-based compact model HiSIM?2 for
Ly =1 um (a) and for Ly = 0.1 um (b). Measurements are
shown by square symbols (wafer FFC with reduced substrate
doping), circle symbols (wafer CCC with typical substrate dop-
ing) and cross symbols (wafer SSC with increased substrate dop-
ing), respectively. The model parameter extraction has been
performed for the chip denoted by “extracted” from the wafer
denoted by CCC. The large black symbols are calculated re-
sults with the surface-potential model HiSIM2 by only vary-
ing the NSUBC parameter in the extracted model card of
parameters.

to Vs (called transconductance g,,) or Vg, (called output
conductance g4,) as verified in Fig. 3 for the transconduc-
tance g,.
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Fig. 3. Comparison of predicted and measured transconduc-
tance g, variations on 3 different wafers (FFC, CCC, and SSC)
with different substrate impurity concentrations (modeled with the
parameter NSUBC) for Lg = 1 um (a) and Ly = 0.1 um (b). The
meanings of the symbols are the same as in Fig. 2. These data ver-
ify the predictive capabilities of the surface-potential-based com-
pact model HiSIM2 even for the inter-wafer variations of the Vg
derivatives of macroscopic / —V characteristics of the MOSFET.

3. Sensitivity of Model Parameters
and Variation-Extraction Method

For correlating the macroscopic variation of the MOSFET
characteristics to the microscopic physical MOSFET pa-
rameters of the surface-potential model, it is necessary to
determine those parameters which most sensitively influ-
ence the MOSFET characteristics.

Figure 4 shows the parameter-sensitivity analysis of sim-
ulated V;;, and I,, for an 180 nm technology. The results
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Fig. 4. Sensitivity of surface-potential model parameters for
the threshold voltage V;;, (a), (c) and the on-current I,, (b),
(d) of NMOSFETs fabricated in a 180 nm CMOS technology.
The most sensitive parameters are different for MOSFETs with
long channel length L, = 10 um (a), (b) and short channel length
Lg =0.18 um (c), (d).
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for NMOSFETs with long channel lengths (L = 10 um)
and short channel length (L, = 0.18 ym) are listed in Fig. 5
and show a large TOX sensitivity in all cases. However,
the other sensitive parameters are different for L, = 10 um
(NSUBC, MUESRI1, MUECBO) and L, = 0.18 um (XLD,
NSUBP). For the average oxide thickness (determining
variation of TOX) and the substrate-lattice quality (deter-
mining the variation of MUECBO), process control during
fabrication is known to be very good. In particular, the
average TOX variation within a wafer is usually kept much
smaller than an atomic layer, which means that variations
of the properties of the gate-oxide interface can be expected
to be of main importance in practice. Therefore, we first
restrict the variation analysis of the microscopic parame-
ters to the other 4 parameters NSUBC, MUESR1, NSUBP
and XLD, to see whether this is already sufficient for re-
producing the measured macroscopic V;;, and I, variations
on the basis of the microscopic parameters in the HiSIM2
compact model.

L,=10 um
Vth ¢ Irm
1. TOX 1. TOX
2. NSUBC 2. NSUBC
3. MUECBO0 3. MUESR1
L,=0.18
Vth ¢ H Ion
1. NSUBP 1. TOX
2. TOX 2. XLD
3.XLD 3. NSUBP

Fig. 5. Most sensitive model parameters from the sensitivity
analysis of Fig. 4. The sensitivity with respect to gate-oxide
thickness (TOX) is large in all cases. Other sensitive parameters
are different for long channel (L, = 10 um) and short channel
(Lg = 0.18 um) MOSFETs. For Lg = 10 um, substrate doping
(NSUBC) as well as the mobility parameters for phonon scattering
(MUECBO) and surface roughness (MUESR1) are sensitive. For
Ly =0.18 um, the pocket doping (NSUBP) and the fabrication-
process-related channel-length change (XLD) in comparison to
the designed channel length are sensitive.

For carrying out the extraction procedure of microscopic
variations, a typical die is first selected based on the con-
dition that MOSFETs on this die occupy a central posi-
tion in the measured I,, —V};, variation for all channel
length L,. Then a nominal HiSIM2 reference-parameter
set is extracted, which reproduces the I —V characteris-
tics of the MOSFETs on this selected die for all L,. The
variation of microscopic HiSIM2 parameters with respect
to this nominal parameter set is then determined from the
measured within-wafer I,, —V;, variation data according
to the 4-step procedure of Fig. 6. Taking into account
the L,-dependence of the respective sensitivities and their
influence on the distribution shape, the microscopic varia-
tions are first determined for NSUBC and MUESRI form
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the long L, data and then for NSUBP and XLD from the
short L, data. By applying this method, changes in the
effective channel doping concentration and the effective

a b
® 4@ ®y e
%) @
= Nominal = Nominal
\
J
Vth Vth
Step Device Parameter | Direction
1 long NSUBC @)
2 MUESRI [©)
3 short NSUBP 3
4 XLD @

Fig. 6. Extraction strategy of the microscopic parameter variation
from the measured macroscopic V;; and I,, variation data. As the
process control is very good for oxide thickness and phonon scat-
tering, these 2 parameters are assumed to have negligible influence
on macroscopic variation and a 2 step procedure for extracting the
variation of the other sensitive parameters is applied. In the first
step the variation of substrate doping (NSUBC) and surface rough-
ness (MUESR1) are determined from the long-channel data (a).
In the second step the short-channel data (b) are used to extract
the variation of pocket doping (NSUBP) and fabrication related
channel-length change (XLD).

mobility degradation as a function of L, in compari-
son to their long L, values, represented by the NSUBC
and MUESRI variations, are correctly captured with the
surface-potential model HiSIM?2.

4. Microscopic-Variation Extraction
for 3 Technology Generations

The microscopic within-wafer parameter variations of
NMOSFETs for the 180 nm, 100 nm and 65 nm technology
generations have been analyzed according to the method de-
scribed in Section 3. A nominal die of each wafer has been
selected for each technology generation, based on the condi-
tion that the MOSFETSs on this die occupy a central position
(determined by the median values) in the measured 7, — V};,
variation for all L,. The HiSIM2 reference-parameter set
has then been obtained from a fit to the electrical MOSFET
characteristics on this selected die. The fitting results of the
I —V characteristics of the 100 nm technology are shown
for long and short channel length L, in Fig. 7 as an example
for the good reproduction of the nominal electrical MOS-
FET characteristics. With this reference-parameter set, the
variation of microscopic parameters has then been deter-
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Fig. 7. Example of the parameter extraction results for the se-
lected nominal MOSFET of the analyzed 100 nm CMOS tech-
nology by fitting the parameters of the surface-potential model
HiSIM2 so that the measured / —V data (solid lines) are accu-
rately reproduced by the simulated data with the compact model
(dotted lines). I; —V, plots are on logarithmic scale for long
Lg in (a), short Lg in (b) and on linear scale for long L, in (c),
short L, in (d).
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mined from the measured within-wafer /,, — V;;, variation
according to the 4-step procedure of Fig. 6 as explained in
the previous section.

The extracted microscopic variations are shown in
Figs. 8, 9, and 10 for the 180 nm, 100 nm, and 65 nm
technologies, respectively.
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+2.7% | +10% +2% +7.8%

Fig. 8. Variation extraction of the most sensitive microscopic
parameters for the NMOSFETs of a 180 nm technology applying
the pocket implantation. Data points in the /,, —V;;, graphs for
long (a) (Lg = 10 um) and short (b) (Lg = 0.18 um) MOSFETs
are plotted on a scale relative to the selected nominal measured
devices. Points show measured data and open squares show the
nominal compact model data as well as all 16 combinations of
the variation boundaries for the microscopic parameters.

Asymmetric properties of the variation boundaries re-
flect the systematic component of the within-wafer vari-
ation across the wafer. Although only measured transis-
tors down to 130 nm were available for the 65 nm tech-
nology, this has no practical negative influence on the
accuracy of the extracted microscopic parameter varia-
tions of this technology. The 2 graphs in each figure
are plotting measured long and short-channel data for
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I,n — Vi, variations (points) together with simulated data
for the nominal parameter set and the 16 extreme com-
binations of the microscopic-parameter variations (open
squares).
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Fig. 9. Variation extraction of the most sensitive microscopic
parameters for the NMOSFETs of a 100 nm technology applying
the pocket implantation. Data points in the I,, —V};, plots for
long (a) (Lgy = 10 um) and short (b) (Ly = 0.1 um) MOSFETs are
plotted in the same manner as in Fig. 8.

Figures 8, 9, and 10 confirm good agreement between
measured and simulated within-wafer variations and ver-
ify that the main sources of measured I,, — V;;, variations
can be correlated to the microscopic variations of just
4 physical MOSFET properties over 3 technology gener-
ations from 180 nm to 65 nm, namely, to substrate and
pocket doping concentrations (NSUBC, NSUBP), mobility
degradation due to gate-oxide surface-roughness scattering
(MUESR1), and channel-length variation due to gate-stack
structuring (XLD).

Quantitative improvements of these microscopic param-
eter variations with the technological advances in each
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Fig. 10. Variation extraction of the most sensitive microscopic
parameters for the NMOSFETs of a 65 nm technology applying
the pocket implantation. Data points in the /,, —V};, plots for
long (a) (Lg = 10 um) and short (b) (Ly = 0.13 um, which was
the smallest measured device) MOSFETs are plotted in the same
style as in Fig. 8.

generation of advancing fabrication technologies are plotted
in Fig. 11.

Improvements for MUESR1 (70%) and L, (XLD) (55%),
related to gate-oxide interface and gate-stack structur-
ing have been quite large in the course of fabrication-
technology advances. On the other hand, doping-related
technology improvements, reflected by NSUBC (30%) and
NSUBP (25%), have been considerably smaller. The av-
erage gate-oxide thickness TOX seems to be well con-
trolled, to a level much below the atomic-layer thickness.
On the other hand, gate-oxide-interface properties seem to
be much more difficult to control. Consequently, the influ-
ence of gate-oxide roughness and charged interface traps on
the inversion-layer carrier mobility, captured by MUESRI,
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Fig. 11. Extracted variation trends of microscopic device param-
eters, which are most relevant for within-wafer variations of the
macroscopic NMOSFET characteristics of threshold voltage V;;,
and on-current /,,, from the 180 nm to the 65 nm technology
node.

remain substantial and reflect the variability effects due to
the imperfect gate-oxide interface.

5. Conclusion

Surface-potential-based compact models can quantitatively
correlate variations of macroscopic MOSFET-performance
characteristics with microscopic variations of the physical
MOSFET parameters. The most variation-sensitive micro-
scopic parameters are substrate and pocket doping concen-
trations (NSUBC, NSUBP), the carrier-mobility degrada-
tion due to gate-oxide-surface roughness (MUESRI1) and
effective channel length due to the gate structuring (XLD).
Quantitative analysis of I,, — V;;, variation data for NMOS-
FETs over technology nodes from 180 nm to 65 nm, ap-
plying the pocket-implantation technology, confirms that
microscopic parameter variations have been continuously
improved. The magnitude of these improvements could
be extracted from the measured MOSFET-performance
data, quantitatively amounting to 70%, 55%, 30% and
25% improvement for MUESRI, L, (XLD), NSUBC and
NSUBP, respectively. The gate-oxide thickness variation
is found negligible for the within-wafer variation of I,,
and V;;,, but the effect of gate-oxide surface-roughness vari-
ations, including the effect of trapped charges, is found to
be substantial.
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Analysis of the Dispersion

of Electrical Parameters and Characteristics
of FInFET Devices

Arkadiusz Malinowski, Daniel Tomaszewski, Lidia FLukasiak, Andrzej Jakubowski, Makoto Sekine,
Masaru Hori, and Michael L. Korwin-Pawlowski

Abstract— Extensive numerical simulations of FinFET struc-
tures have been carried out using commercial TCAD tools.
A series of plasma etching steps has been simulated for dif-
ferent process conditions in order to evaluate the influence of
plasma pressure, composition and powering on the FinFET to-
pography. Next, the most important geometric parameters of
the FinFETs have been varied and the electrical characteristics
have been calculated in order to evaluate the sensitivity of the
FinFET electrical parameters on possible FinFET structure
variability.

Keywords— FinFET, line edge roughness, parameter variability,
plasma etching, technology computer aided design (TCAD).

1. Introduction

As the dimensions of MOS transistors are shrunk, the close
proximity between the source and drain reduces the ability
of the gate electrode to control the potential distribution and
the flow of current in the channel. Undesirable short chan-
nel effects (SCE) induce higher subthreshold slope, thresh-
old voltage roll-off, and punch-through between the drain
and source. Multi-gate MOS SOI transistors, e.g., fin field
effect transistors (FinFETSs), are expected to be promising
candidates for the next generation CMOS devices [1]. Be-
cause of their structure, FinFETs suppress short channel
effects thus leading to further improvement of CMOS cir-
cuit performance [2].

However, small-size FinFETs are sensitive to technological
process variations, which disturb the electrical character-
istics and lower manufacturing yield. Numerical simula-
tion and modeling of the effect of process parameter mod-
ifications and random variations becomes a very relevant
task. In the presented work, key processes of fin forma-
tion, and their influence on manufacturing yield have been
discussed. A methodology of plasma modeling and sim-
ulation for advanced silicon devices has been presented.
Different plasma-related effects (such as loading effects,
sidewall bowing and aspect ratio dependent etching) oc-
curring during fin formation and affecting the fin size and
shape have also been explained. Finally, the influence of
polysilicon overetch on FInFET performance is discussed.

2. Process Simulations

Most plasma etch processes are based on either dc discharge
or radio frequency (RF)-excited plasma, typically driven at
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a frequency of 13.56 MHz. During such discharge, elec-
trons, ions, and reactive species are generated mainly in the
bulk of the plasma. Three fundamental reactions may occur
when an ion strikes a molecule: electron attachment, ion-
ization and dissociation. The ions are transported towards
the surface via a sheath area and impinge on the surface.
The fidelity of pattern transfer during etching depends on
important process characteristics, that is ion-energy distri-
bution functions (IEDFs) and ion-angular distribution func-
tions (IADFs). Theoretical study of sheath phenomena is
therefore critical to developing appropriate models that will
increase understanding of the influence of reactor condi-
tions on plasma etching behavior. The IEDFs and TADFs
are calculated using the Monte Carlo (MC) method.

A key aspect for fin formation is the anisotropy of the re-
active ion etching (RIE) process. It is directly responsible
for the shape and size of the fin area. The RIE process
conditions have been chosen to etch a fin with the height
of 60 nm and width of 20 nm as the reference model shown
in Fig. 1(a). We have used CF4 plasma with the compo-
sition of gas 69 a.u./ion 19 a.u. under 100 mTr pressure
and excited by a 50 V(dc)/55 V(ac) power source. How-
ever, the plasma etching process gives rise to a number of
undesirable effects, which may be noticed, if the fin side-
wall is enlarged (Fig. 1(b)). First, a random distortion of
the sidewall edge may be observed. This phenomenon is
called surface roughness and may play a significant role in
FinFET device performance. The fin surface roughness is
caused by charging effects in the plasma. Other plasma-
related effects that have to be taken into account during
fin formation are the so-called loading effects. They occur
when the total area of the material exposed to the etchant
decreases. This occurs obviously in the vicinity of the cor-
ners between the buried SiO; layer and the sidewalls of the
projected fin. Then the reactive species become consumed.
and the etch rate decreases, making the process lose its
anisotropic character. The resulting fin sidewall becomes
rounded instead of being perpendicular to the substrate.
The following parameters of the RIE process and their in-
fluence on the FinFET profile have been considered: gas
pressure, gas composition and plasma powering.

2.1. Gas Pressure

The pressure of the gas in the chamber strongly influences
the spatial distribution of the active plasma. As shown in
Fig. 2 (obtained using the MC method), at lower pressures
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Fig. 1. Fin cross-section after RIE process: (a) overall view, (b) details of the fin sidewall topography: surface roughness at the

sidewalls and surface roundings at the corners.

the gas flow acts as an anisotropic beam while at higher
pressures spontaneous ion-molecule collisions make the gas
flow more like an isotropic cloud. Apart from weaker etch-
ing anisotropy the increased gas pressure lowers the etching
rate.
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Fig. 2. lon angular distribution for different chamber gas pres-
sures calculated using the MC method.

The weak anisotropy at higher pressures is followed by
lower quality of the patterning. For example, it influences
the ratio between the projected fin height and the calculated
width of the silicon area etched via the window opened in
the mask. However, the effect of the lower etching rate
seems to be somewhat ambiguous, because it may be help-
ful for better control of the total layer thickness etched.

In our case the change of plasma pressure from 25 to
100 mTr has had approximately the same effect on the fin
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Table 1
Finyiqq versus chamber gas pressure
Pressure [mTr] | Ratio | Rate [nm/min] | Fing;qq [nm]
25 3.8 647 25
100 3.46 661 20
300 2.92 587 16

profile as the pressure variation from 100 mTr to 300 mTr.
The effect of the gas pressure on the etching rate is illus-
trated in Table 1.

2.2. Gas Composition

The RIE processes with three types of gas mixtures,
ie., gas 69 aufion 19 au. (CF4); gas 96 a.u./ion
19 a.u. (SF6) and gas 80 a.u./ion 80 a.u. (HBr) have been
evaluated. The results are shown in Table 2. We have con-
sidered the neutral to ion flux ratio: the lower the neutral
to ion flux ratio the better the anisotropy thus the fin area
obtained using HBr is thicker than the one obtained using
SF6 or CF4.

Table 2
Finyiqm versus gas and ion composition
Gas/ion [a.u.] | Ratio | Rate [nm/min] | Finygpn [nm]
69/19 3.46 661 20
96/19 3.03 598 17
80/80 4.86 730 34

In Fig. 3 the fin etch by gas/ion 80/80 a.u. has been
shown. The effect of bowing of the sidewalls in the etched
profile is visible. It may be induced by ion deflection (ion
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Fig. 3. Fin sidewall bowing.

trajectory distortion) in very narrow spaces between the
fins. The angular distribution of ions impacting and sub-
sequently scattered by the etching feature is expected to be
the primary cause of non-vertical sidewalls.

2.3. Plasma Powering

Three different powering configurations have been tested.
The results are shown in Table 3. In general, increasing
power leads to higher etching rate and anisotropy. How-
ever, we have found maxima of the etching rate as well as
of the anisotropy for V(dc) potential 50 V and V (ac) poten-
tial 55 V, respectively. Higher V(dc) and V(ac) potentials
result in lower etching rates and ratios. The maximum etch-
ing rate is limited either by the chemical reaction rate at
the surface or the flow of arriving ions. Higher potentials
result in spontaneous collisions thus decreasing anisotropy.

Table 3
Finyjqm versus power settings

Source and drain have been doped with arsenic (conc.=
5-10" cm™3). Fin dimensions are as follows: Finyiqn =
20 nm, Finpejghe = 60 nm. Over the fin a thin (2 nm)
HfO, gate dielectric layer has been deposited. Over the
gate dielectric silicon nitride spacers have been formed thus
defining Gatejengtn = 25 nm. The polysilicon layer has been
heavily doped with arsenic (conc.= 1-10?° cm™—3).

(b)

Therefore, anisotropic etch is controlled by the shadow-
ing effect and the directionality of the incoming ions. The
lower V(dc) potential is responsible for domination of the
isotropic chemical etch.

3. Device Simulations

In order to estimate the variability of fin dimensions in the
FinFET caused by the RIE process dispersion Synopsys
Sentaurus Structure Editor and Sentaurus Device applica-
tions have been used.

A three-dimensional FinFET model has been built (Fig. 4).
The structure has been created on a SOI substrate with
60 nm p-type device layer (boron conc.= 1-10'6 cm™3).
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V(dc)/V(ac) [V] | Ratio | Rate [nm/min] | Finyiqn [nm]
20/25 3.27 615 20 . ) ] )
50/55 3.46 661 20 f;,gc :r. FinFET structure: (a) details of the fin, (b) details of the
100/105 3.18 611 19

The electrical characteristics and parameters of the FinFET
have been calculated in order to evaluate the influence of
RIE dispersion on the device operation as a switch for inte-
grated circuit applications. The FinFET has been biased as
follows: gate-source voltage Vgg = —0.5 V — 1 V, drain-
source voltage Vpg = 0.1 V. An example of the obtained
Ip(Vgs) transfer characteristics is shown in Fig. 5.

The following electrical parameters have been taken into
account: threshold voltage (Vr), transconductance (gu),
and subthreshold swing (SS). Table 4 presents the vari-
ation of the FinFET electrical parameters due to Finygp
change. The following remarks may be formulated. Firstly,
the threshold voltage values are very low. They result di-
rectly from the shape of the Ip — Vs curves and are related
to the non-optimized gate stack structure. Due to the very
low (in terms of the gate-stack structure) channel doping
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Fig. 5. FinFET Ip — Vs characteristics for a series of fin widths.

concentration in the fin area the FinFETs can be switched
off only by negative gate bias. Nevertheless, one may eas-
ily notice an improvement of the subthreshold slope with
a decrease of the Finyiqpn. This is most likely due to the fact
that in narrow FinFETs the gate control over the channel
conduction is better [3].

Table 4
FinFET electrical parameters for different values
of Finwidth
Fingijgn [nm] | V7 [V] | gu [uS] | SS [mV/dec]
16 —0.102 133.1 67.8
20 —0.104 134.3 70.8
24 —0.106 126.1 73.9

As shown in Fig. 4 the polysilicon gate has been created us-
ing the silicon nitride spacers. Spacer lithography technol-
ogy is attractive for overcoming the limits of conventional
lithography techniques in terms of pattern fidelity and crit-
ical dimension (CD) variation. Simulations of the spacer
lithography variations causing Gatejeg, variations have
been also carried out. The results are shown in Table 5.

Table 5
FinFET electrical parameters for different values
of Gatelength

Gatejengnn [nm] | Vr [V] | gum [uS] | SS [mV/dec]
20 —-0.109 112.4 73.3
25 —0.104 134.3 70.8
30 —0.088 189.5 69.2

It may be noticed, that as expected a decrease of Gatejength
leads to the threshold voltage lowering. It may be also
stated, that the shortening of the gate induces lowering of
the transconductance. This somewhat unexpected FinFET
behavior has been caused by the method to generate device
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structures considered in this paper. We have assumed that
the distance between the heavily doped source and drain
areas is constant. Different values of the Gatejepgn pa-
rameter have been obtained by the variation of the spacer
thickness. However, an increase of the latter (and decrease
of the Gatejengrn) induces large increase of the series resis-
tance. This, in turn, strongly degrades current conduction
and transconductance.

4. Results and Conclusions

The ultra-thin fin formation with good uniformity is still
a challenging task for FinFET manufacturing. The uni-
formity of silicon fin width (Finyiqm) is especially critical
for the FinFET because its variation may cause a change
in channel potential and subband structure, which governs
short-channel behavior and quantum confinement effects
of inversion charges. Also if Gatejengin/Fingigem ratio is
smaller than 1.5, drain induced barrier lowering (DIBL),
subthreshold swing, and off-state leakage current increase
significantly. Thus, a small change of fin width may result
in large variation of device characteristics for short gate
lengths [4].

It has been shown, that non-optimized FinFET structure
leads to a number of undesired effects, e.g., incorrect
threshold voltage and degraded / —V characteristics.

It has been also shown in our paper that the uniformity of
silicon fin width strictly depends on the RIE parameters,
such as pressure, gas composition, and RF power. There-
fore, a precise control of these parameters during process
is critical.
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Rare Earth Silicate Formation:
A Route Towards High-k
for the 22 nm Node and Beyond

Ivona Z. Mitrovic and Stephen Hall

Abstract— Over the last decade there has been a signif-
icant amount of research dedicated to finding a suitable
high-k/metal gate stack to replace conventional SiON/poly-Si
electrodes. Materials innovations and dedicated engineering
work has enabled the transition from research lab to 300 mm
production a reality, thereby making high-k/metal gate tech-
nology a pathway for continued transistor scaling. In this
paper, we will present current status and trends in rare earth-
based materials innovations; in particular Gd-based, for the
high-k/metal gate technology in the 22 nm node. Key issues
and challenges for the 22 nm node and beyond are also high-
lighted.

Keywords— gadolinium silicate, interfacial layer, lanthanides,
rare earth oxides.

1. Introduction

A 32 nm process technology, including a high-k dielectric
and metal-gate has been announced [1]-[5]. The equiv-
alent oxide thickness (EOT) of the high-k dielectric has
been reduced from 1.0 nm on 45 nm node to 0.9 nm [1]
on the 32 nm process, while gate length has been reduced
to 30 nm. Transistor gate pitch continues to scale 0.7 x ev-
ery two years — with 32 nm providing the tightest gate pitch
in the industry. The key industrial players are Intel Cor-
poration, IBM alliance (with AMD, Chartered, Freescale,
Infineon, Samsung, ST and Toshiba), TSMC, NEC, Pana-
sonic in collaboration with Renesas. Different integration
strategies have been employed by various parties involved,
namely a replacement gate [6], [7] or a conventional gate-
first approach [8], [9]. In the latter, the gate stack is formed
before the source and drain, as in a conventional com-
plementary metal oxide semiconductor (CMOS) process,
while the former is a gate-last approach. Moving beyond
the planar transistor, IBM, AMD, Freescale and Toshiba
have recently presented a fin field effect transistor (Fin-
FET) with high-k and metal gates for the 32 nm node and
beyond [3].

A static random access memory (SRAM) cell was devised
at areas down to 0.128 um?. Using 22 nm design rules,
the cell was fabricated using a CMOS process flow and
e-beam lithography. In the cell, fin pitch was 80 nm, gate
pitch 110 nm and physical gate length 30 nm. To enable
high-k and metal gates, chemical vapour deposition (CVD)-
based HfO,, physical vapour deposition (PVD) TiN and
polysilicon were deposited on the fin portion of the device.
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TSMC has also announced a 32 nm process [4], which
includes a high-k/metal-gate scheme based on a gate-first
technology. A 0.15 um> SRAM cell was developed by
using a Hf-based material and 193 nm immersion lithogra-
phy with a numerical aperture of 1.35. The high-k material
has been scaled to 1 nm, at 30 nm physical gate length and
130 nm gate pitch. The team of NEC and Toshiba Corpora-
tion has developed a 32 nm process, with a single-exposure
lithography technology and a gate-first high-k/metal-gate
process [5]. They demonstrated a SRAM cell of 0.124 pm?
and a gate density of 3650 KGate/mm?. From the relevant
publications and press releases, it is evident that Hf-based
dielectrics are retained for the 32 nm node leaving other
dielectrics for consideration at further technology nodes.
Physical gate length scaling, from 35 nm, in the 45 nm
generation, to 30 nm in the 32 nm generation, is enabled
by high-k dielectric scaling and shallow junction engineer-
ing [10].

Low standby power (LSTP) technology requirements in the
near term years according to the International Technology
Roadmap for Semiconductors (ITRS) [11] are listed in Ta-
ble 1. As can be seen, more aggressively scaled EOT is
required in order to reach the specification for the 22 nm
node. This leads to stringent control of interfacial oxide
layer, either by reducing its thickness or by increasing its
k-value. A good interface requires either that the oxide
is amorphous, or that it is epitaxial and lattice-matched
to the underlying silicon [12]. Amorphous oxides repre-
sent a low-cost solution; nonetheless, the challenge is to
keep these materials amorphous even after post-deposition
high temperature processing in order to avoid increased
surface roughness and additional leakage due to the for-
mation of grain boundaries, as shown in many investiga-
tions [13]-[16]. Another approach is based on the devel-
opment of epitaxial metal oxides grown directly on silicon
surfaces [12]. It is known that for given values of MOS
leakage current and insulator thickness, the dielectric con-
stant, k, and the offset value between oxide and silicon en-
ergy bands, AE, are bound roughly by a hyperbolic relation
k-AE = Cg, where Cf is a constant. Engstrom et al. [17]
have suggested that a value of Cg ~ 70 eV is necessary
for the 22 nm bulk LSTP node, while the corresponding
figure for silicon-on-insulator (SOI) technology is in the
range of 30—40 eV. Rare earth (RE) oxides offer interesting
properties to fulfil such requirements: a high dielectric con-
stant [17], a high band gap and suitable band offsets with
respect to Si [18], sufficiently high breakdown strength,
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Table 1
Low standby power technology requirements — near term years [11]

Year in production 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015
MPU/ASIC metal 1% pitch [nm] (contacted) 59 52 45 40 36 32 28 25
Physical length gate for high performance logic [nm] 29 27 24 22 20 18 17 15
Physical gate length for LSTP (Lg)
Extended planar bulk and DG [nm] 38 32 29 27 22 18 17 15
UTB FD [nm] * * * * * 20 18 17
EOT
Extended planar bulk [nm] 1.6 1.5 1.4 1.3 1.2 1.1 * *
UTB FD [nm] * * * * * 1.2 1.1 1.0
Maximum gate leakage current density (Jg 1imic)
Extended planar bulk [mA/cm?] 81 94 110 120 140 150 * *
UTB FD [A/cm?] * * * * * 150 | 170 | 180
DG [A/cm?] * * * * * * * 190

the limits of practical scaling.

* delineate one of two time periods: either before initial production ramp has started for ultra-thin body fully depleted
(UTB FD) SOI or double-gate (DG) MOSFETs, or beyond when planar bulk or UTB FD MOSFETs have reached

extremely low leakage current, and well-behaved interface
properties. Their key advantages for advanced CMOS are:

— thermal stability;

— a feature to shift the work function of a metal gate to-
wards n-type and thus engineer a transistor threshold
voltage [19], [20];

— a reduction of the low-k interfacial layer (IL) thick-
ness.

An important consideration in choosing an alternative
high-k dielectric is its compatibility with Si, and metal sil-
icates have attracted much recent attention [21]-[23]. The
presence of silicon leads to improved metal oxide/silicon
interface stability and reduced leakage currents. This in
turn has generated interest in the deposition of lanthanide
silicates, such as Gd-silicate [24], La-silicate [25], Pr-
silicate [26], [27]. A silicate formation is known to occur
when a rare earth oxide is in contact with a Si-containing di-
electric or a silicon substrate in the presence of oxygen [23].
As such, it can be used to consume the typical SiO,-like
interfacial layer between high-k and silicon substrate or to
enhance its k-value. In this paper, we will show that RE sili-
cate formation is one of the possible pathways towards scal-
ing beyond the 22 nm node. In particular, our recent work
on optimization of GdSiO-based gate stack is reviewed and
results presented on thermal stability and mechanisms of
silicate formation.

2. Rare Earth Oxides and Silicates

Rare earth oxides are attractive materials for gate dielec-
tric application, and in particular the lanthanide oxides
group (LnO’s). Lanthanides refer to a series of 15 ele-
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ments from La to Lu in the periodic table, which have sim-
ilar but gradually changing characteristics [28]. The LnO’s
can have different stoichiometries due to the multiple oxi-
dation states (42, +3, and +4) of the metals. This leads
to oxides with different structural phases including two cu-
bic phases, namely, the calcium fluoride structure for the
Ln(IV) only, and the bixbyite structure for Ln(III) [29].
Lanthanide oxides with more than one valence state are
not the best choice for CMOS processing because of the
coexistence of phases with different oxygen contents and
possible transformations between them, or even the occur-
rence of mixed valence-state structures [30], [31]. A sum-
mary of the key properties of RE LnO’s is given in Table 2
([17], [29] and references therein). Those deemed suitable
for application are now described.

The RE oxides, such as LayO3 [32], [33], Pr,O3 [34]-[37],
Gd,O3 [38], and Nd,O3 [39], [40] have been investi-
gated. They are good insulators due to their large band
gaps, high dielectric constants (13-16 for Gd,0O3, 25-30
for LayO3 [17], 15-25 for Pr,O3 [41]) and good thermo-
dynamic stability on silicon even at high temperatures, i.e.,
when heated in contact with silicon will not directly re-
act to form silicide, metal, or silicon oxide [42]. Another
attractive feature of Pr,O3, Gd,O3, and Nd,Oj3 is their rel-
atively close lattice match to silicon (2ag; = 1.090 nm),
which offers the possibility of epitaxial growth, eliminat-
ing problems related to grain boundaries in polycrystalline
films.

Silicate formation of binary lanthanide oxides in contact
with SiO, has been the subject of many studies [24], [40],
[43]-[46] whereby the SiO, IL is consumed during a high
temperature step. The process has been demonstrated for
La; 03 [47], [48] or Gdy03 [49], [50] deposited on SiO;.
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Table 2
Properties of RE Ln,O3 oxides [17], [29]

Compound Structure a[A] c[A] Band gap [eV] Dielectric constant

Er, O3 Bixbyite 10.548 53,5 13
LayO3 Bixbyite 11.327 55,6 25, 27-30
La;O3 A type polymorph Hexagonal 3.937 6.129 5.5 25
Nd,O3 Bixbyite 11.08 4.4 16
Nd;03 A type polymorph Hexagonal 3.829 5.997 4.4 16

Smy 03 Bixbyite 10.92 5 13, 11.4-15
Ho,03 Bixbyite 10.606 5,52 13.1
Gd,03 Bixbyite 10.813 53,64 13.7, 13.6
Dy,03 Bixbyite 10.665 4.9 13.1
Lu,03 Bixbyite 10.391 54,6 12.5

Pr, O3 Hexagonal 3.857 6.916 4.6 14.9, 25.4 [41]

The extent of silicate formation depends on temperature,
time (spike anneal) and the ion radius of the RE element
[31], [51], [52]. A unique property of RE elements is “lan-
thanide contraction”, a term which refers to the observation
that the ion radii of rare earth elements decrease gradually
as the atomic number increases. The quantity of Si-O-Ln
bonds increases as the post-annealing temperature rises, and
this increase depends strongly on the ion radii of the RE
elements. As a result, metal-oxides with larger ion radii
easily form LnSiO (silicate) layers. An alternate explana-
tion can be deduced from thermodynamic arguments [52].
Furthermore, the quantity of Si-O-Si bonds increases after
annealing independent of the element.

Rare earth oxide and silicate films have been deposited by
various methods including atomic and electron beam evap-
oration [24], [38], [49], [50], [53], molecular beam epi-
taxy (MBE) [40], metal organic chemical vapour deposition
(MOCVD) and atomic layer deposition (ALD) [33], [35],
[54], [55]. CVD and ALD techniques allow the controlled
growth of highly conformal films on planar and high-aspect
ratio substrates. Recent developments in precursors for the
MOCVD and ALD of lanthanide oxides LnO, and silicates
LnSi,O, (Ln = Pr, Gd, La and Nd) have been described
in [55], with emphasis on the effect of the precursors molec-
ular structure on process chemistry and layer purity.

3. GdSiO: High-k Material
for the 22 nm Node

3.1. Gd,03 Studies

The Gd, O3 layers have been studied extensively [38], [52],
[56]-[58]. Gd»O3 has been deposited by MOCVD [57],
anodic oxidation [59], thermal oxidation [60], [61], MBE
[62], [63], e-beam evaporation [49], [50] and ALD [55],
[64], [65]. The use of Gd,O3 dielectric layers has been
reported for Si [52], [63] and III-V compounds, such as
GaN [66], [67] and GaAs [68], [69]. Based on thermody-
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namic consideration, Gd,O3 formed according to equation
2Gd;03 +3Si = 4Gd + 3SiO, with AG > 100 kJ, is ex-
pected to be stable on Si up to 1000°C [42]. Furthermore,
Gd is a single valence metal ion (+3); therefore it forms
only a single oxide (Gd;0O3) from the reaction with oxygen.
This oxide does not exhibit any intermediate metastable
states while reacting with oxygen. The effective dielectric
constant of the Gd,O3 films is in the range of 7-23 [57].
The reported values for a band gap vary from 5.2 eV [70],
[71], 5.3 [29], to 6.4 [17]. The conduction and valence
band offsets to Si are larger than 2 eV [62], [71]. The lat-
tice parameter of Gd,O3 in its bixbyite phase is 1.081 nm
(Table 2), while Si has a lattice constant ag; of 0.545 nm,
where 2 x ag; is 0.4% larger than agg,0,, which allows for
epitaxial growth.

There are reports on electrical properties of epitax-
ial GdyO3 thin films grown by MBE [62], [72], with
EOT< 1 nm and leakage current density below 1 mA/cm?.
As can be seen from Table 1, these numbers exceed
the requirements for LSTP application predicted for 2012.
A careful control of the thermodynamic parameters, such
as oxygen chemical potential allows the interface layer
change from oxide-like to a silicate-like, and thus leads to
larger k and lower leakage for the latter one [62]. The im-
pact of rapid thermal anneal (RTA) on structural and elec-
trical properties of crystalline Gd,O3 layers grown on Si has
been discussed in [73]. Any degradation of the layers
can be significantly reduced by capping with amorphous-Si
prior to RTA.

3.2. Academic Cluster Work

The so-called Academic Cluster comprises of four mem-
ber institutions, namely — Chalmers University of Tech-
nology (Sweden), AMO GmbH (Germany), Tyndall Na-
tional Institute (Ireland) and Liverpool University (UK).
We have recently reported an optimized process based on
GdSiO for the gate dielectric, consistent with the 22 nm
LSTP target [49]. The Gd,O3 layers are deposited by
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e-beam evaporation [49], [50] and atomic layer deposi-
tion [64], [65] on different interfacial silicon dioxide layers
(thermal ~1-4 nm, and native ~1 nm). Detailed mate-
rial properties of the layers are assessed by variable angle
(65-75°) spectroscopic ellipsometry (VASE), medium en-
ergy ion scattering (MEIS), X-ray diffraction (XRD), high
resolution transmission electron microscopy (HRTEM) and
X-ray photoelectron spectroscopy (XPS). Electrical charac-
terization including capacitance-voltage and current-voltage
techniques is conducted on metal insulator semiconduc-
tor (MIS) capacitors with TiN and Au electrodes. The for-
mation of gadolinium silicates has been achieved by RTA
annealing of various Gd;03/SiO, gate stacks in the tem-
perature range of 800 to 1050°C and anneal time 1-100 s.

(2)

sio,

a-Gdsio

(b)
600
500 [
‘L‘é 400 |
3
g 300
S 20¢ @1 kHz:
—f— as-grown
100 | =8-900°C, 1 s
==1000°C, 1 s
O L L L
-0.2 0.3 0.8 1.3 1.8
Gate voltage [V]
Fig. 1. (a) HRTEM images of Gdy03/SiO, gate stacks as-

deposited by ALD (top) and after RTA at 1000°C for 1 s in
N, (bottom); (b) C-V plots of corresponding MIS devices (Au/hi-
k/Si0,/Si(100)).

The HRTEM images of ALD Gd,03/SiO, gate stacks
as-deposited and after the RTA @1000°C are shown
in Fig. 1(a). The high-k dielectric is deposited in amor-
phous form. Following a 1000°C anneal for 1 s, the inter-
mixing is complete resulting in a 4.6 nm amorphous GdSiO
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layer. The consumption of interfacial SiO, layer is evident
after RTA anneal. More importantly, the silicate reaction
causes an increase of accumulation capacitance in the as-
sociated C —V plots (Fig. 1(b)), and hence the capacitance
equivalent thickness (CET) of the gate stack is reduced af-
ter RTA. Furthermore, k is ~ 16 and amorphization of the
film annealed at 1000°C reduces the leakage current den-
sity (9.9-10~7 Acm~2) by an order of magnitude compared
to the 900°C sample [65].
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Fig. 2. (a) CET/total deposited thickness versus 7/t ratio
and (b) leakage versus CET for various Gd;03/SiO; gate stacks
deposited by ALD and e-beam evaporation, on thermal (T) or
native oxide (N). I-VI refer to different runs, i.e., various #,; /t;1,
ratios.

Various ratios of the physical thicknesses of the
Gd,03/Si0; (f;—x /1) gate stack have been explored [64]
as shown in Fig. 2. By plotting CET/(#j;_; + t;1) versus
thi—x/tir for 1 s anneal time, it can be seen that a value
thi—x/ti. ~ 2 —2.5 gives the optimal scaling, that is, the
smallest CET of the GdSiO gate dielectric stack. However,
this observation needs to be taken equally with the effects
of mechanisms involved during RTA anneals on scaling,
that is, the way the RTA is performed has shown to be of
crucial importance [49]. Specifically, for the same thick-
ness ratios achieved by two deposition processes, e-beam
evaporation and ALD, different scaling/CET can be seen
after RTA from Fig. 2(b). For ALD processes, RTA was
performed in an inert ambient (N, or Ar) — RTA1, while
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for e-beam evaporation in addition to RTA1, an inert gas is
used but with open vacuum valve referred to as RTA2 [49].
GdSiO formation at 900°C by RTA1 results only in slight
reduction of CET and this is found to be due to residual
oxygen in the process chamber that can diffuse through the
films and react at the Si/SiO; interface. This is a parasitic
effect rather than an intrinsic feature of RTA1; as a result,
CET cannot be further reduced as IL re-growth counteracts
the consumption due to silicate formation. This explains
an increased CET for ALD deposited stacks. The use of
RTA2 with open vacuum valve was seen to cause signif-
icant reduction of IL re-growth and thus consumption of
the IL dominates during silicate formation which further
enhances scaling. Using the RTA2 in combination with
a preceding post deposition annealing (PDA) treatment en-
abled to achieve GdSiO gate stack with an EOT of 1.3 nm
and j = 0.02 Acm~2, in line with ITRS LSTP targets for
the 22 nm node [49]. This stack can be optimized further
for scaling requirements beyond the 22 nm node as GdSiO
has been successfully introduced into fully functional SOI
n-MOSFETs with TiN metal gate electrodes [74].

3.2.1. Thermal Stability and Mechanism
of GdSiO Formation

The thermal behavior of these Gd,03/Si0, gate stacks can
be assessed by plotting MIS device leakage current and
CET versus RTA process temperature as shown in Fig. 3(a)
and Fig. 3(b), respectively. It can be seen that very low
leakage currents (< 1077 A/cmz) are obtained for stacks de-
posited by both techniques (evaporation and ALD), in par-
ticular when there is a thermal oxide as an IL. Furthermore,
an increase from 900°C to 1000°C does not compromise
the leakage current; it is further reduced. The observed
trend is a significant reduction of the capacitance equivalent
thickness after annealing as outlined in Fig. 3(b). When
observing the RTA time series, very low leakage currents
of ~ 1072 A/cm? were obtained for 10 s and 100 s anneal
time (Fig. 3(a)), however the CET is largely increased after
100 s anneal (Fig. 3(b)). The CET is reduced further when
anneal time varies from 1 to 10 s.

Oxygen has been found to diffuse into the film eliminating
oxygen vacancies, but Si diffusion was absent after oxy-
gen and vacuum annealing at temperatures up to 800°C for
GdSiO films on Si(100) [75]. It has been suggested [23]
that silicate formation for rare earth based materials oc-
curs through inter-diffusion with underlying SiO, to form
silicates, rather than by diffusion of Si and subsequent oxi-
dation, as this can explain absence of silicates when capped
structures are used [76]—[78]. It seems that excluding oxy-
gen and preventing the oxidation of the silicon substrate
can prevent silicate formation. There are also reports on
GdSiO gate dielectric films deposited on Si(001) substrates
using UHV (ultra high-vacuum) e-beam evaporation from
pressed-powder targets [24]. These films were amorphous
as deposited and remained amorphous when annealed to
temperatures up to 900°C, and showed k ~ 16 and low
leakage currents of 5.7- 1073 A/em? at 1 V.
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Fig. 3. (a) Leakage current and (b) CET versus anneal temper-
ature for various Gd,03/SiO, gate stacks deposited by ALD and
e-beam evaporation.

For the ALD Gd,03/SiO, gate stacks discussed here, an-
nealing causes substantial reordering of the layers and the
effects are apparent by plotting the MEIS energy spectra
as depth profiles for Gd, Si and O shown in Fig. 4(a).
It can be seen that higher temperatures drive more silicon
into the high-k layer. The source of the incorporated Si is
likely to be from inter-diffusion with the native SiO, layer,
with some contribution from the substrate [65]. Diffraction
patterns (XRD) from samples annealed in the temperature
range from 800-1050°C contain a peak at 28.6° referring to
cubic Gd;03. The most pronounced peaks, corresponding
to the highest level of crystallinity in the films, occur around
900°C to 950°C. The MEIS and XRD results suggest that
two competing mechanisms occur during annealing [65].
The ALD Gd,O;3 layer crystallizes into the cubic phase
at all temperatures studied and the extent of crystallinity
increases with increasing temperature. The second mecha-
nism is the diffusion of Si into the layer. As Si is swept into
the polycrystalline Gd,O3 the crystalline grains become
amorphised. This reduces the thickness of the crystalline
layer and thus the intensity of the XRD diffraction features.
Crystallisation dominates at lower temperatures and silicate
formation dominates at higher temperatures. It follows that
the final state of a film after annealing depends on the film
thickness as well as the anneal temperature and duration,
as expected for a diffusion driven process [23].
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Fig. 5. HRTEM image of ALD bi-layer structure Gd,O3/
GdSiO/SiO; after RTA at 1000°C for 1 s in Nj.

Figure 5 depicts the case when, even after 1000°C anneal,
the layer is not fully transformed into the silicate but con-
tains bi-layer structure due to the initially deposited thicker
(~ 8 nm) Gd,03 film. Note also that the interfacial SiO,
layer is present after the anneal. Similar has been observed
for other RE based silicates [23], [50], [52].

3.2.2. Band Offsets for GdSiO

An insight into the energy band line-ups of ALD GdSiO
gate stacks is provided by XPS measurements. The onset
of the excitation from the valence to conduction bands can
be observed at an energy corresponding to the band gap
energy below the XPS O 1s core signal [79], [80]. From
the threshold energy of an energy loss spectrum for O 1s
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photoelectrons, the bandgap of GdSiO is determined to be
6.3 eV [81]. The measured XPS valence band spectrum
for GdSiO/SiO,/Si is shown in Fig. 6(a). The valence
band offset between GdSiO and Si is determined by eval-
uating the energies of the valence band maxima of GdSiO
and Si. These energies were determined by analytically
finding the intersection of the regression-determined line
segment defining the leading edge of the valence band
and the flat energy distribution curve [82], and taking into
account charging effects on the XPS spectra [83], [84].
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Fig. 6. (a) The XPS valence band spectrum and (b) the band

diagram of ALD GdSiO/SiO,/Si(100) structure.

The values of 2.31 eV for GdSiO and 0.01 eV for Si(100)
are estimated. The difference of these values corresponds to
a valence band offset of 2.3 eV. Thus the conduction band
offset is 2.9 eV. The resulting energy band alignment for
a GdSiO/Si0,/Si(100) is shown in Fig. 6(b). The results are
comparable to the ones published by Hattori er al. [85] for
Gd,O3/silicate/Si0,/Si, where E, = 6.4 eV, AEy =2.2 eV
and AEc = 3.1 eV. For advanced CMOS application, the
band offsets to Si above 2 eV and roughly equal (AE¢ =~
AEy) represent one of the most desirable features for future
gate stack.

4. Beyond the 22 nm Node

Recent reports indicate that lanthanum-based ternary ox-
ides are likely to have major role in meeting the ITRS
requirements for scaling beyond the 22 nm node [86]. The
growth methods proposed include molecular beam deposi-
tion (MBD) [87], [88], pulsed laser deposition (PLD) [89],
or ALD [90]. The interfacial layers can be avoided when
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ternary rare earth oxide films (La,M,_,03, M = Sc, Lu,
or Y) are deposited on Si by ALD from metal amidinate
precursors and H,O [86]. Both LaScO3 and LaLuOs films
are found to be amorphous and free of interfacial layers,
with high dielectric constants (~ 23 for LaScO3 and 28 £1
for LaLuO3), low leakage current density, and are scal-
able to EOT< 1 nm. La;»3Y(7703 films have polycrys-
talline structures with moderately high k = 17 +1.3 and
low leakage current [86]. The growth of stoichiometric
and smooth LaLLuOj3 films (Cg ~ 65 eV) that remain amor-
phous up to 1000°C has been reported [89]. The band
gap has been found to be 5.2 +0.1 eV, with symmetrical
conduction and valence band offsets of 2.1 eV, a dielectric
constant of ~ 32, and low leakage current density levels.
Amorphous GdScOs films have also demonstrated a high
permittivity of 22, the EOT of ~ 1 nm, and the leakage
current density less than 2 mA/cm? [91].

LaAlOs-based heterostructures are also expected to ful-
fil the requirements of ITRS beyond 22 nm [92]. Very
aggressive scaling < 1 nm EOT with reasonable leakage
currents can be achieved for amorphous LaAlO3; (LAO)
films on Si(001), but interfacial SiO, grows at anneals
above 400°C. The addition of an Al,O3 interlayer increases
the thermal stability up to 600°C. Both a-LaAlO3/Si(001)
and a-LaAlO3/y—Al,03/Si(001) systems should be appro-
priate for gate-first processes, when optimized. Suzuki et al.
at Toshiba Labs have reported [93] 0.3 nm EOT for amor-
phous LaAlO3 grown by PLD. It should be noted that LAO
often exhibits structural instability and interface reaction
during high temperature treatment [94], [95].

There are few publications about ultra-thin high-k films
with EOTs lower than 1 nm on crystalline Gd,O3 grown
by MBE [62], [72]. There has been a recent attempt to
grow epitaxially ternary (Nd;_,Gd,),03 (NGO) thin films,
with the idea that a combination of Gd;O3 and Nd,Os3
would create a system exhibiting exact lattice matching with
Si [96]. The NGO films show promising electrical features,
the CET of 0.9 nm and leakage currents below 1 mA/cm?.
The key parameter for IL control is found to be oxygen
partial pressure during the interface formation and/or MBE
growth; it prevents silicide inclusions, while avoiding the
formation of interfacial SiO, [63], [71]. GdSiO material,
grown by e-beam evaporation or ALD, as discussed in this
paper, has potential for further scaling and is also contender
as a high-k material beyond the 22 nm node.

Although there seem to be several possibilities to en-
gineer the gate stack for ultimate scaling, most of the
high-k materials reported above show high mid-gap den-
sity of interface states (D; = 3-10'" eV-lem=2 [91],
1.4-102eV~'em2[96],5-10'2 eV~ lem 2 [95]), and bulk
fixed charge density > 10'' cm™2 [91], [96]. On the path-
way of scaling, it is critical to obtain an optimal high-k-Si
interface with acceptably low D; < 10'' eV~'em™2 and
mobility in MOSFET channels approaching the universal
curve. At the same time, the problem of reliability and sta-
bility (charge trapping) [97], [98] of these new dielectrics
still remains acute and requires further studies.
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5. Summary

In this paper, recent work on rare earth based oxides and
silicates has been reviewed with an emphasis on materials
suitable for integration according to the ITRS LSTP targets
for the 22 nm node and beyond. Understanding the mech-
anisms that create interfacial layers is a key requirement
for further scaling of these high-k dielectrics. There are
several approaches to achieve elimination of the interfacial
SiO; layer and thus ultimate scaling, employed by various
research labs worldwide. Reaction of the SiO, with a RE
oxide causes an effective increase for the k-value of the in-
terfacial layer. Furthermore, full reaction of the interfacial
layer with cap can be used to form a higher-k dielectric, or
the formation of epitaxial high-k dielectrics can be utilised.
The scaling potential of GdSiO-based gate stacks which ex-
hibit excellent thermal stability, low leakage currents and
sufficiently high band offsets to be employed in the devices
for technological nodes beyond 22 nm has been demon-
strated.
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Technology of MISFET

with SiO,/BaTiO3; System as a Gate Insulator

Piotr Firek and Jan Szmidt

Abstract— The properties of barium titanate (BaTiO3, BT),
such as high dielectric constant and resistivity, allow it to find
numerous applications in the field of microelectronics. In this
work silicon metal-insulator-semiconductor field effect transis-
tor (MISFET) structures with BaTiO3 thin films (containing
Lay O3 admixture) acting as gate insulator were investigated.
The films were produced by means of radio frequency plasma
sputtering (RF PS) of sintered BaTiO3 + Lay O3 (2% wt.) tar-
get. In the paper transfer and output / —V, transconductance
and output conductance characteristics of the obtained tran-
sistors are presented and discussed. Basic parameters of these
devices, such as threshold voltage (Vrp) are determined and
discussed.

Keywords— barium titanate, I-V characteristics, MISFET
structures, radio frequency plasma sputtering.

1. Introduction

Barium titanate (BaTiO3, BT) ceramics have been exten-
sively used in the field of electronic applications. Mul-
tilayer ceramic capacitors (MLCCs) [1], [2], embedded
capacitances in printed circuit boards [2], optical waveg-
uides [3], electrooptic modulators [4], micromechanical [5]
and humidity sensor [6] devices, positive temperature co-
efficient of resistivity thermistors [7], gas sensors [8] were
fabricated using BT. In all those applications BaTiOz was
used in the form of either bulk material or thick layer.
BT shows ferroelectric and piezoelectric properties as well
as a high dielectric constant that make it a promising
material for potential applications in dynamic access ran-
dom memories (DRAM) [9], [10] or non-volatile memories
(NVM) [9], [11].

Thin barium titanate films for microelectronic applications
are usually either amorphous or polycrystalline and have
significantly worse electrical properties than bulk or thick-
film material. It is difficult, for example, to obtain uni-
form composition, the piezoelectric effect is weaker, and
the values of the dielectric constant are lower (typically
less then 50) [12]. On the other hand, its dielectric con-
stant is usually still much higher than that of silicon dioxide
although thin BT layers are typically plagued with higher
leakage current and lower dielectric strength.

2. Experimental Details

The fabrication process of metal-insulator-semiconductor
field effect transistor (MISFET) structures is presented
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Fig. 1. MISFET fabrication process with cross-sectional view of
the structures.
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in Fig. 1. Its first step is thermal oxidation in order to obtain
field oxide of about 440 nm. The p-type silicon < 100 >
oriented substrate with the resistivity of 6 —8 Qcm was
used. After cleaning processes 40 nm thick SiO; film was
grown thermally and then a thin (approximately 80 nm) bar-
ium titanite film was deposited by means of radio frequency
plasma sputtering (RF PS) of sintered BaTiO3 + LayO3
(2% wt.) target.

A schematic diagram of the RF PS setup is shown in Fig. 2.
The BaTiO3; layer was deposited as a result of 30 min
long process (280 V self-bias voltage, argon flow rate of

Pressure gaude | | | |
i — Gas
9 F % feeder
Substrate & ﬂ
Target Substrate
Ba TiO, holder Control
system
— RF
generator
od | ]
= L |
Pump — Matching circuit
Fig. 2.  Schematic diagram of the setup for radio frequency

plasma sputtering deposition processes.

Fig. 3. Silicon wafer and MISFET topography.
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10 ml/min and 15 mm distance between the Si substrate
and the sputtered target). Next, a photoresist mask for
etching in a buffer solution of hydrofluoric acid was pre-
pared by means of photolithography. As a last step contacts
for metallization were opened and aluminum was evapo-
rated. The described fabrication process is presented in
Fig. 2. Silicon wafer and transistor topography are shown
in Fig. 3.

3. Results and Discusions

The dielectric constant (k) of about 20 was extracted
from capacitance-voltage measurements of a MIS structure

5410° -
4-10° 1
. —~—V,=-1V
3‘10 T +VD:OV
2107 E=1V
o -y, =2V
< 09 Ay =3V
=0 A V=4V
—V,=5V
-3
11074 ey, =6V
: A
10° Vy=TV
>V, =8V
34107
0 2 4 6 8§ 10 12 14
Ugs [V]

Fig. 4. Transfer current-voltage characteristics of the fabricated
structures.

5410”1
3
4510
410°
-3
3.5-10
3-10°
3
2510
2-10°

I [A]

Fig. 5. Output current-voltage characteristics of the fabricated
structures.

containing BaTiO3 dielectric. The current-voltage (I —V)
characteristics of MISFETs were measured with Keithley
SMU 236/237/238. The obtained transfer and output char-
acteristics are presented in Figs. 4 and 5.
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Threshold voltage (Ur) is one of the most important pa-
rameters of a transistor since it represents the gate voltage
at which the MISFET channel is turned on. The threshold
voltage ranged from —6 V to —8 V.

The transconductance g, and output conductance of the
structures are presented in Figs. 6 and 7, respectively.

14-10°

1,2-103— V,=0V
1-10°

4
8-10 A

g, [S]

610"
410"

4
2-10 A

Fetordroy

Ugs[V]

Fig. 6. Transconductance characteristics of the fabricated struc-
tures.
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Fig. 7. Output conductance characteristics of the fabricated struc-
tures.

It can be seen that the values of transconductance are rel-
atively low when compared to a typical silicon MOSFET.
Taking into consideration that these structures contain ma-
terial (BaTiO3) that is relatively novel for this type of ap-
plications and demanding from the technological point of
view, the obtained results in our opinion are very satisfy-
ing. Postprocessing (e.g., annealing) or better purity of the
films should improve the results significantly.

The dispersion of the obtained parameters (e.g., thresh-
old voltage, trans- and output conductance) may be caused
mainly by the variations of BT thickness and its composi-
tion in the area under the gate. The structure of the layer,
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i.e., the grain size or the presence of amorphous phase,
the quality of the interface between the BT layer and SiO»
and the influence of plasma during fabrication may lead
to different levels of the effective charge in the dielectric
and at the aforementioned interface. As a consequence, the
transistors show different values of flat-band voltage and
threshold voltage.

4. Conclusions

The obtained BT films show good adhesion to SiO; layers
on silicon substrate. Their relatively low dielectric con-
stant (k) (for BT) is due to their amorphous nature. High
values of the threshold voltage are a consequence of charge
presence at the SiO,/BaTiOj3 interface. A better control
of the deposition process (e.g., purity) may significantly
improve the film properties. Our investigations confirm
that the RF PS method is suitable for obtaining BT layers
that may exhibit several very interesting electronic prop-
erties, especially for future IS (ion sensitive) FET struc-
tures.
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Modeling, Simulation

and Calibration of Silicon Wet Etching

Andrzej Kociubiniski, Mariusz Duk, Tomasz Bieniek, and Pawet Janus

Abstract— The methods of parameter optimization in
Etch3D™ gsimulator and the results of the comparison of
simulations of silicon etching in KOH with experiments are
presented. The aim of this study was to calibrate the tool
to a set of process conditions that is offered by Institute of
Electron Technology (ITE). The Taguchi approach was used
to analyze the influence of every remove probability function
(RPF) parameter on one or more output parameters. This
allowed tuning the results of simulation to the results of real
etching performed in ITE.

Keywords— anisotropic wet etching, KOH, silicon technology.

1. Introduction

Anisotropic wet chemical etching of single crystalline sil-
icon (Si) in KOH/TMAH is the standard process technol-
ogy to fabricate three-dimensional structures for micro-
electromechanical devices. However, the etch process is
depends on the crystal orientation, etching temperature,
etchant concentration, and the length of time the wafer re-
mains in the etchant [1]. The final structure determined
by Si anisotropic etching is difficult to predict precisely.
Etch3D™ simulator addresses this challenge by wet etch-
ing simulation [2]. Performing simulations with Etch3D™
prior to going to the fab helps users reduce the time-
consuming and expensive process of iteratively refining the
masks and processing parameters.

The Etch3D™ is a silicon wet etching simulator based
on a first-principles, atomistic simulation method [3]. The
wafer is represented by a matrix of “atoms” arranged with
the same geometry and connectivity as the 18-atom cells
in crystalline silicon. The simulator uses a “voxel” (vol-
umetric pixel) based process emulation tool that takes 2D
masks and a description of the fabrication process, to build
highly detailed, realistic-looking virtual prototypes. The
cell size that is used in an Etch3D™ simulation is deter-
mined from the resolution, in voxels per micron. Scale
invariance means that the simulations can be run with the
cell arbitrarily larger size than the size of the actual silicon
crystal cells (which is 0.543 nm) and produce the same
macroscopic behavior, at least up to the size required to
resolve macroscopic features of the wafer surface.

After initialization, which usually involves applying a mask
to one or both sides of the wafer, the simulation goes
through a series of time steps (also called frames). During
each frame, the simulator computes the removal probabil-
ity for each atom on the wafer surface that is exposed to
the etchant (i.e., not masked). The simulator uses a Monte
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Carlo approach — it compares the removal probability to
a random number between 0 and 1. Using this approach,
it is possible to duplicate certain microscopic topographies
that occur in actual anisotropic etching [2].

However, the primary purpose of Etch3D™ is to model
the macroscopic evolution of the wafer surface geometry.
The atomistic method, as currently implemented, does not
explicitly account for etchant concentration. Rather, it is
assumed that the etch rates of all crystal planes vary lin-
early within a range of concentration. Etch3D™ includes
several sets of recommended parameter values for specific
concentration ranges of KOH and TMAH. Users can fur-
ther tune these parameter values for a specific concentration
level.

The remove probability function (RPF) defines the proba-
bility p of removing an atom with n; first neighbors (in the
crystal lattice) and ny second neighbors by the function

1+e€(*"(2))/kBT

p(ni, n2) = po(m) (1)

1 + eS(i’lzfng)/kBT ’
where: € is the average energy of interaction between sec-
ond neighbors, and where for n; = 2,3 the constants py(n;),
and nY = n (n;) are parameterized as follows:

- a21(] + e 923)

Po(2 1 4 ea2(c—a23)

; (2)
n3(2) = by — by, (3)

. 1.07(131(1 +efa32a33)

Po(3) = 1 + ews2(c—az3) ’ )

n3(3) = b31 — by )

These values were obtained by a curve-fitting approach by
Coventor, but these parameters require further adjustment
in order to match the user-measured data.

2. Fabrication and Measurement of Test
Structures

A dedicated mask for test etching was designed and man-
ufactured (Fig. 1). The mask contains several structures,
designed so as to represent a variety of geometries that al-
low exposition of multiple crystallographic planes, enabling
the analysis of crystallographic planes of etched silicon.

N-type (resistivity 2 — 4 Q-cm) single crystal < 100 >
silicon substrates with 4-inch diameter were used for
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Fig. 1. Test structure for KOH etching.

anisotropic etching. Initially, a 50-nm silicon dioxide layer
was grown thermally. Thereafter a 100 nm thick silicon
nitride layer was deposited and photolithographically pat-
terned. Before insertion of the wafers in etching solution,
native oxide was removed. The wafers were etched in KOH
(concentration 30%) at 60°C for 10, 20, 30 and 40 min.
Etch depth was measured using a profilometer(typical re-
sults are given in Table 1).

Table 1

Etch depth versus time for KOH etching
carried out in ITE

3. Simulation and Calibration
of Etch3D™

Due to the high number of test structures, simulating the
whole mask would take a very long time. In order to reduce
the overall simulation time, only a subset of the structures
was selected for initial simulations. The simulation results
were then compared in detail with the experimentally fab-
ricated structures, making use of SEM techniques.

The Etch3D™ simulation software gives the user access to
10 so-called RPF parameters. It turned out that tuning all
parameters in order to find the optimal values, for different
etching times, concentrations and temperatures and using
different test structures would result in a huge amount of
data to be processed.

As a first step, in order to reduce the amount of data, a set
of four crosses, rotated at different angles, was selected for
tuning the RPF parameters (Fig. 3). This structure offers
several interesting etching angles and is also quite simple,
allowing time-effective simulations. This decision allowed
the number of voxels, and thus the resolution of simulation,
to be increased, which results in an improved quality of the
simulation.

+ % X%

lAcc.¥  Spot Magn
20.0 k¥ 4.0 143x

Det WD Exp 1 200pm

SE 29.0 1 ITE Warszawa

Fig. 2. SEM microphotograph of test structures after 40 min
etching in KOH.

The structures were then subjected to scanning electron
microscope (SEM) observations. A SEM micrograph of
test structures after 40 min etching in KOH is shown in
Fig. 2. The etch depth as well as characterized shapes of
etched structures were used as an input to Etch3D™.
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Time [min] Etch depth [um]
10 3.22
Fig. 3. Layout of the selected 4-cross test structure.
20 7.00
30 10.05 We have selected separate sets of input and output param-
40 13.43 eters for the experiment in order to allow comparison not

only in quality but also quantity:

— input parameters: 10 RPF parameters, concentration
and temperature of bath;

— output parameters: 5 selected geometry details re-
vealing selected crystallographic planes (Fig. 4).

Fig. 4. Example of geometry details defined as output parameters.

The first set of simulations resulted in an enormous amount
of data to analyze mainly due to the fact that:

— the 10 RPF input parameters had to be modified for
each process setup;

— each input parameter affected the results in a different
way;

— one input parameter influenced more than one output
parameters.
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Fig. 5. Algorithm of tuning Etch3D™ RPF parameters to exist-
ing KOH/TMAH technology.

Due to a high number of possible parameter combinations,
a reliable statistical method of planning further simulations
was necessary. The Taguchi approach was proposed to de-
sign a sequence of simulations and analyze results. The
Taguchi method [4], [5] is an approach to designing ex-
periments using statistical analysis. It allows for the pro-
cess and product design to be improved through the iden-
tification of controllable factors and their settings, mini-
mizing the variation of a product around a defined tar-
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get response. The Taguchi approach in Etch3D™ was
used to analyze the influence of every RPF parameter
on one or more output parameters. This allowed tuning
the results of the simulation to those of real etching per-
formed in ITE.

To solve this calibration problem, a simulation optimiza-
tion procedure was developed (Fig. 5). The whole tuning
sequence was divided into three stages.

In stage 1 the Taguchi table was created and a set of simu-
lations was performed. The purpose of this stage is to get
the information on the influence of input parameters on the
results of simulation (Fig. 6).

80 '
60 %

40
20 s
0
20 % "
-40
_60 %
S0l a
— =g
r ]
0.94 0.99 1.04 1.09
Parameter RPF (a5,)

Difference between the results of the
simulation and the real structure [%]

Fig. 6. Graphs presenting dependence of various geometrical
details on the RPF parameter (a3;).

In stage 2, based on the information from stage 1, a new
set of simulations was designed. The purpose of this stage
was to perform more detailed simulations with modified
input parameters (however, concentration, temperature and
number of frames remained constant).

At this stage the results of the simulations are tuned to the
results of etched test structures. The results of the simula-
tions of test structures with tuned parameters of Etch3D™
are presented in Figs. 7-11.

Acc.V Spot Magn
20.0 kV 5.0 508x

Det WD Exp

SE 89 1 ITE Warszawa

Fig. 7. SEM microphotograph of the real structure (top view).

Comparing the results obtained with default and tuned pa-
rameters good agreement with the crystallographic planes
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of the etched test structures may be noticed (higher-order
crystallographic planes marked in Fig. 4). Moreover, the
difference in the depths of the simulated and etched groove
is below 5%.

Fig. 8. Results of the simulations using the default a;;, b;; coef-
ficients.

Fig. 9. Results of the simulations — using tuned Etch3D™
RPF parameters.

lAcc.VY Spot Magn
20.0 kV 4.0 832x

Det WD Exp 1 20um

SE 1563 1 ITE Warszawa

Fig. 10. Main view of the real structure.

It was found that some of the parameters have signif-
icant influence on the output parameters (angles, etch
depth, etc.). For example, changing the b3 parameter re-
sults in the greatest increase of the etch depth than any
other RPF parameter.
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Fig. 11. Main view of the simulated structure with tuned
Etch3D™ RPF parameters.

Finally, tuning of only 5 out of 10 parameters was necessary
for tuning. In the case of the remaining 5 parameters their
default values could be treated as sufficiently accurate.

Table 2
Remove probability function parameters
RPF parameter Default Tuned
asy 0.5 0.35
an 25.0 25.0
a3 0.7 0.7
by 7.0 7.0
by 0 1.2
asyg 1.0 0.94
asn 7.5 7.5
ass 0.5 0.5
b3y 7.3 7.7
b3 0.6 0.1

The values of RPF parameters used for tuned simulations
are presented in Table 2.

4. Process Emulation of MEMS
and IC structures

The Etch3D™ is intended to be used in conjunction with
SEMulator3D™-MEMulator™ [2]. The results of vir-
tual manufacturing of silicon accelerometer using both pro-
grams [6] are shown in Fig. 12.

MEMulator™ is useful for preprocessing or postprocess-
ing a wafer, and for visualizing the results of an Etch3D™
simulation. Preprocessing with MEMulator™ may entail
creating a wafer, then using one or more of the available
etch steps in MEMulator™ to create some initial features
on the wafer, or using one or more of the available de-
position steps to create etch stops. The material that is
deposited on the wafer with MEMulator™ may be etched
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in Etch3D™, but this would be unusual because the actual
process steps (other than wafer bonding) do not produce
crystalline silicon. Postprocessing with MEMulator™, on

@ (b)

Fig. 12. Emulation of fabrication steps of piezoresistive ac-
celerometer. Results of virtual manufacturing (a) and real struc-
ture (b).

the other hand, may entail an arbitrary series of deposition
and etch steps on top of the wet-etched surface that was
produced by Etch3D™,

5. Conclusions

The presented modeling, simulation and real etching results
demonstrate successful calibration of wet silicon etching
processes. Using the Taguchi method it is possible to tune
the etch process to the fab reality and a given technology
specification.

Tuned software like Etch3D™ is a perfect tool to optimize
the wet etching of silicon processes and use it for virtual,
rapid prototyping. The precise 3D model generated using
described approach may be further analyzed using finite
element method.

Virtual prototyping is a powerful tool that may be used
to reduce the time consuming and expensive process of
refining masks and many processing parameters. This is
of great importance since TTM (time to market) is a key
parameter of the MEMS product development process.
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Si-Based Electrodes

for Potentiometric Measurements
of Aqueous Solutions

Michat Zaborowski, Daniel Tomaszewski, Bohdan Jaroszewicz, and Piotr Grabiec

Abstract— Three sensors for chemical and physical examina-
tion of aqueous solutions were presented in the paper. An
Au potentiometric electrode, an AgCl chlorine ion sensor and
a p-n junction thermometer were developed. Their layout and
internal structure were explained in the light of the manufac-
turing process. The device characteristics were measured in
conditions corresponding to normal operation of the devices.
Basic electrical parameters of the developed structures, as well
as their sensitivity to environmental parameter variat