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ABSTRACT For the first time, this paper reports the quasi-static behavior and the applicability of the tunnel
field effect transistor (TFET) for the on-chip electrostatic discharge (ESD) protection. ESD evaluations
are performed on 28-nm fully depleted silicon-on-insulator (FDSOI), bulk TFET and compared with
conventional shallow trench isolation (STI) diode using a well calibrated 3-D technology computer aided
design (TCAD) device and process simulation deck. Initial design insights are obtained using the DC
characteristics. The quasi-static behavior of a TFET is studied by applying transmission line pulsing (TLP)
and very fast TLP (VFTLP) pulses at its drain terminal with gate shorted together and source connected
to the ground. During negative TLP pulse at the drain, the TFET becomes a forward biased gated diode
and exhibits reduced on-resistance compared to the STI diode. During positive TLP pulse, the tunneling
current at the source-channel junction introduces a low impedance current path from drain to source
compared to the blocking behavior of the STI diode. A short description of the advantages and challenges
of the TFET from ESD perspective are also discussed. Finally, a new TFET ESD network is proposed and
shown to exhibit multiple current paths compared to STI diode-based ESD network. From the network
simulations, the proposed TFET-based ESD network is shown to exhibit better CDM response and hence
providing a robust ESD solution for future system-on-chip design.

INDEX TERMS Tunneling field effect transistor (TFET), electrostatic discharge (ESD), silicon on

insulator (SOI), transmission line pulsing (TLP), very fast transmission line pulsing (VFTLP).

I. INTRODUCTION

Developing a robust electrostatic discharge (ESD) network
in the advanced complementary metal oxide semiconduc-
tor (CMOS) technologies is quite challenging because of the
reduced off-state breakdown voltages, gate oxide breakdown
and safe operating area (SOA) of the load to be protected.
This results in a narrow ESD design window [1]. Added to
this challenge, the robustness of the ESD protection devices
are also degrading in the advanced CMOS technologies due
to the degenerative doping and lower junction depths (to
ensure scaling) resulting in reduced failure current per unit
area compared to the mature CMOS technologies. Though
there is a continuous research on-going to reduce the on-chip
HBM and CDM standards from 2 kV to 1 kV and 500 V
to 250 V respectively by implementing ESD control mea-
sures during manufacturing environment without affecting
the yield, the proposal has not been accepted as the ESD
standard across various semiconductor original equipment

manufacturers (OEM) and the ESD targets remains unal-
tered with device scaling. This motivated us to evaluate the
novel device architectures and networks in state of the art
CMOS technologies.

Tunneling Field Effect Transistor (TFET) is a promising
steep sub-threshold switching device with faster switching
speed targeted for sub 7 nm CMOS applications. Extensive
research has been carried to improve the performance param-
eters like Ion/Iopr ratio [2], sub-threshold swing [3], scaling
behavior [4], transport characteristics through abrupt doping
profile of junctions, vertical transistors for line tunneling,
material engineering [5] and hetero-structures for improv-
ing the tunneling probability [6], [7]. Various applications
like static random access memory (SRAM), dynamic ran-
dom access memory, digital and analog sub-systems using
TFET are proposed [8]-[10]. However the reliability studies
about these tunneling devices are limited [11], [12]. Hence,
understanding ESD response of the TFET is important for
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FIGURE 1. Device cross-section of (a) FDSOI TFET (b) Bulk TFET (c) STI
Diode (d) FDSOI-Hybrid integration [13].

two reasons (1) If the ESD response of the TFET is bet-
ter than the conventional ESD devices, then it opens up
an new opportunity for TFET based ESD network design
(2) If TFET augments the conventional CMOS devices port-
folio in the mainstream integrated circuit design, then TFET
becomes the potential load to be protected from HBM
and CDM ESD stresses, hence from both the dimensions
understanding the ESD behavior of the TFET becomes the
necessity.

This paper extensively studies the quasi-static behavior
of both the fully depleted silicon-on-insulator (FDSOI) and
bulk TFET and compares with the conventional STI diode
during ESD scenarios using a well calibrated 3D technology
computer aided design (TCAD) process and electro-thermal
device simulations. The schematic cross sections of the
devices under study are shown in Fig. 1. The paper is
organized as follows; first a brief discussion on the sim-
ulation parameters and TCAD methodology followed in
this paper is discussed. Further, we discuss the DC, TLP
and VFTLP simulations. Finally, we discuss the advan-
tages of the TFET in ESD and a new TFET based ESD
network is also proposed and validated through mixed mode
simulations.

Il. SIMULATION
METHODOLOGY
Since the TCAD based electro-thermal simulations of the
TFET are complex, an elaborate discussion on the (a) device
parameters used, (b) performance evaluation methodology
followed and (c) the physical models used in our simula-
tions are provided in this section with suitable references.
The schematic cross-section of the TFET implemented in the
FDSOI and bulk technologies are shown in Fig. 1 (a) and (b)
respectively. The reference device (STI diode) used in the
conventional on-chip ESD protection network is shown
in Fig. 1 (c), the doping profiles of the STI diode
are calibrated from the SIMS data of the hybrid bulk
devices done by etching the buried oxide as shown in
Fig. 1(d) [13].

PARAMETERS AND TCAD
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A. DEVICE PARAMETERS

The physical dimensions of the bulk and the FDSOI TFET
used in our simulations are the following: gate length
(Lg) = 50 nm; effective gate oxide thickness (tox) = 3 nm;
silicon film thickness (t5j)) = 7 nm; buried oxide thickness
(tbox) = 26 nm; source (p-type) doping = 1.5 x 102 cm—3;
drain (n-type) doping =5 x 10'® cm™> (to reduce ambipo-
lar current conduction), channel doping (p-type) = 1 x
10" cm~3 and gate work function = 4.1 eV. The widths of
all the devices are chosen to be 1 wm. The heat sink/substrate
contact is placed 5 wm below the buried oxide in the sub-
strate. The substrate thickness (tsub) is chosen to be 5 pm
since the thermal diffusion length for 100 ns TLP pulse is
3.3 wm [14]. The junction height of the bulk TFET is taken
as 80 nm.

B. PERFORMANCE EVALUATION METHODOLOGY

To benchmark the TFET for ESD applications, the following
ESD device characterization methodology is adopted in this
paper. The functionality of an ESD device is to provide
an ideal short circuit path from the I/O pad to the ground
or supply pads during ESD events and should be an open
circuit during normal operation. However the ESD device
introduces parasitic leakage current during functional mode
and shows finite on-resistance during an ESD stress. The
leakage current specification of an ESD device during the
functional operation of the I/O pad is obtained from the DC
characteristics, and the turn-on characteristics of the device
during the ESD event is determined from its TLP/VFTLP
characteristics.

TCAD based TLP and VFTLP characterization are per-
formed to emulate the on-wafer TLP and VFTLP device
characterization. The Transmission Line Pulsing (TLP) and
Very Fast Transmission Line Pulsing (VFTLP) scheme gives
the device level characterization methodology to predict the
ESD response of the device under test (DUT) which is simi-
lar to the transient and fast transient conditions occur during
the ESD stress [15]. In TCAD simulations, the TLP scheme
is approximated by applying successive current pulses (ideal
current source connected to the DUT) with the increas-
ing magnitude and the resultant voltage across the ESD
device is monitored. Such kind of ESD simulations where
the ESD stress has a transient rise time followed by the
constant amplitude and fall time for a small duration is
generally referred as partly static or quasi-static simulation.
For the TLP simulations, current pulses of rise time (t;)
of 10 ns and pulse width (tyigm) of 100 ns with increas-
ing magnitude of current is given to the DUT according
to the ESDA TLP specifications (this scheme correlates to
the HBM stress) [16]. For the VFTLP scheme, the rise
time (tr) of 200 ps and pulse width (twidth) of 1 ns is
given to the DUT according to the ESDA VFTLP speci-
fications (this scheme correlates to the CDM stress) [17].
For both the schemes, the voltage sample is obtained by
calculating the net voltage across the DUTs from 75%-95%
of the twidth, this methodology (followed in this paper) is
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FIGURE 2. Calibrated transfer characteristics of the FDSOI TFET and bulk
TFET with the experimental data.

derived in accordance with the TLP/VFTLP specifications
mentioned in [16] and [17].

C. TCAD METHODOLOGY

The reference STI diode is simulated using a calibrated
3D process simulation deck of 28 nm ultra-thin body and
box (UTBB) FDSOI technology using Synopsys Sentaurus
TCAD tool. For the TFET, a well calibrated device simu-
lation setup using dynamic non-local band-to-band tunnel-
ing (BTBT) is used. The Apathl and Bpathl parameters used
in our simulations are 1.5x10'3 cm™3s~! and 6x10® Vem™!
respectively. The modified parameters signify the reduced
band-to-band tunneling and increased generation rate as
observed in experimental results [18] compared to the default
device parameters of the TCAD tool. To model the impact
ionization and avalanche generation, we have chosen default
VanOverstraeten model which is proven to exhibit better
accuracy and simulation convergence for complex device
simulations like ESD [19]. The simulated transfer char-
acteristics matches with the experimentally demonstrated
silicon TFET structure with <10 % error [20] as shown
in Fig. 2. Other physical models used in the simulation are
field-dependent mobility model, Slotboom band-gap narrow-
ing (BGN) model and Hurkx trap assisted tunneling model
for high field Shockley-Read-Hall recombination.

ESD simulations are electro-thermal in nature and also
non-isothermal where the temperature of the charge carriers
and lattice vary as a function of time and space inside the
device. They are performed using TCAD tools by incorpo-
rating suitable self-heating models and thermal contact/heat
sink placed in the substrate which solves the coupled ther-
modynamic equations along with continuity and Poisson
equations as a function of time and space [21]. To cover
the worst case self-heating effect, only substrate is used as
heat sink and not the source, drain and gate of the TFET. The
hard failure/thermal failure current (It,) of the device is taken
as the current at which the voltage snapback occurs or the
potential at which the hot spot in the device reaches ~800 K
(to cover the worst case scenario, the failure temperature is
taken to be very low compared to the actual melting point

300

of silicon which is Tcyit = 1687 K) [22]. The choice of the
physical models and parameters are done to cover the worst
case scenario of the device operation. The calibration of the
DC characteristics of the proposed device is done by match-
ing the results of the device simulation as reported in [20,
Fig. 2]. For the TLP and VFTLP simulations, the standard
procedure and guidelines for the device simulation of ESD
devices [16], [17], [19], [21] are followed.

11l. RESULTS AND DISCUSSION

In this section, we first discuss the DC characteristics of
the TFET followed by the quasi-static characteristics of the
TFET, i.e., TLP and VFTLP characteristics.

A. DC CHARACTERISTICS

The transfer characteristics gives an estimate of the off-
current and the on-current required for calculating the
parasitic leakage current at the input/output I/O pad (if STI
diode is replaced by TFET) during the functional opera-
tion. The transfer characteristics of the reference silicon
TFET [20] taken for the calibration with the TCAD sim-
ulated bulk and FDSOI TFET’s are shown in Fig. 2. We
observe that the leakage current of the FDSOI TFET is lesser
compared to the bulk and reference TFET for the same pro-
cess and device parameters. This reduction is due to the
additional work function difference created by the ground
plane P™ layer below the buried oxide (BOX) of the FDSOI
transistor. The off-current of the reference, bulk and FDSOI
TFETs are 4 pA/pum, 3 pA/pm and 0.7 pA/pwm respectively
for Vps = 1 V and Vgs = 0 V. However, the leakage current
of the STI diode is approximately ~ 0.05 — 0.1 pA/wm for
the reverse bias potential of 1 V which is an order lesser than
the TFET’s leakage current. Since TFET is leaky compared
to the STI diode, we have analyzed its behavior with vary-
ing gate lengths (which can be a design parameter to reduce
leakage current) and bias voltages (to understand the voltage
ranges where TFET can replace STI diode) are explained in
the following sections.

A.1. EFFECT OF GATE LENGTH

The gate length is the only design parameter available to
the ESD designer for the fixed TFET process. Hence, the
effect of gate lengths on the on-current and off-current is
investigated. Fig. 3 (a, b) shows the transfer characteristics of
the TFET with varying gate lengths (Lg) for the FDSOI and
bulk TFET respectively. It’s observed that both the on-current
current and the off-current are not altered with varying gate
lengths for the FDSOI TFET. However for the bulk TFETs
there is a small spread of leakage current (0.7 pA — 3 pA) due
to the increased short channel effects compared to the FDSOI
transistor. The reduced spread of the leakage current with
the gate length variation indicates the superior scalability
of the TFETs in the advance technology nodes and is in-
line with many published results [23]-[25]. With these initial
results, it is evident that the leakage current can be tuned by
the process parameters only and hence cannot be a design
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FIGURE 3. Transfer characteristics of the (a) FDSOI TFET and (b) bulk TFET
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FIGURE 4. Transfer characteristics of the Bulk and FDSOI TFET with varying
drain to source voltages.

parameter. But on the positive side, TFET can be designed
with minimum gate lengths for ESD applications and hence
may reduce ESD device footprint in the I/O pad.

A.2. EFFECT OF DRAIN VOLTAGE

Fig. 4 shows the transfer characteristics of both the FDSOI
and the bulk TFETs for Vps = 1 & 2 V, the leakage cur-
rent characteristics of the FDSOI TFETs is increased from
0.7 pA/pm to 20 pA/wm and the leakage current of the
bulk TFET increases from 3 pA/um to ~0.3 nA/um for
the bulk TFETs. The leakage mechanism with varying drain
voltages can be understood from the Fig. 5. Fig. 5 shows the
schematic cross section of FDSOI and bulk TFET showing
increase in the band-to-band generation parameter for the
increase in Vpg from 1 V to 2 V. This additional tunnel-
ing current at the higher drain potential is the root cause of
the increased leakage current. Unlike MOSFETS, this addi-
tional current doesn’t scale down when increasing the gate
lengths since tunneling current is not a function of the gate
length for both FDSOI and bulk TFET. Hence TFET may
find its application only in the low voltage I/O pads or in
low power/voltage ICs where the maximum supply voltage
can be ~ 2 V.

A.3. EFFECT OF DEVICE MODELS

Since the TFET is targeted for low power logic applica-
tions, the TCAD simulation methodology available in [15]
includes only the band to band tunneling models along with
the carrier statistics and mobility models. However, ESD
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phenomenon is electro-thermal in nature, hence we have
studied the transfer characteristics of the TFET with the addi-
tion of impact ionization models and thermodynamic models
for both the FDSOI and bulk TFETs. From the Fig. 6, it
can be observed that the off-current is unaltered. There is
only a marginal increase of the on-current compared to the
simulation results (a) using tunneling and avalanche mod-
els and (b) using tunneling, avalanche and thermodynamic
models. Hence the effect of avalanche and thermodynamic
models are not observed in the DC characteristics.

B. QUASI-STATIC CHARACTERISTICS

The transient characteristics of the TFET are obtained
through TCAD based TLP and VFTLP scheme explained
in detail in Section II. ESD stress is given to the drain and
gate connected together and the source connected to the
ground (this diode connected TFET configuration gives the
device behavior of the single device in the proposed ESD
network discussed in Section V). For the STI diode, ESD
stress is given at the cathode with its anode grounded. To
have a complete understanding of the quasi-static behavior
of the TFET and the reference STI diode, both positive and
negative ESD stresses are given. The detailed discussion of
the same is as follows.
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B.1. TLP CHARACTERISTICS

TLP characteristics of the TFET (bulk and FDSOI) and
the reference STI diode for the positive ESD stress are
shown in Fig. 7. The STI diode is reverse biased dur-
ing positive ESD stress and exhibits hard breakdown
even at low current levels. Hence the potential difference
between the anode and cathode of the STI diode is its
breakdown voltage of ~ 9.4 V. At high current levels,
increased charge carriers results in increased phonon scat-
tering which results in mobility degradation and increased
joule heating subsequently leading to the hard failure of
the device. The failure current (IT2) and voltage (VT2)
of the reference STI diode is 0.2 mA/uwm and 14.5 V
respectively.

The positive TLP characteristic of the TFET shown in
Fig. 7 is similar to the reverse bias diode characteristics;
however the additional tunneling current results in the reduc-
tion of the net on-resistance. Fig. 8 and Fig. 9 shows the band
to band generation parameter and impact ionization parame-
ter of the bulk TFET with increasing amplitude of the TLP
current pulses. At low current levels (~ 107% A/wm), the
onset of the point tunneling current at the source-channel
junction is observed (Fig. 8 a) and also no impact ionization
phenomenon (Fig. 9 a) is observed. This tunneling current
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introduces a low impedance current path from drain to source
and hence preventing the potential build-up. From Fig. 7, it
is observed that the potential difference across the bulk and
FDSOI TFET at 107> A/um are 3.5 V and 5 V respec-
tively which is considerably less compared to the potential
difference of STI diode at 9.5 V.

At higher current values (> 107> A/wm), the impact ion-
ization phenomenon is initiated resulting in the additional
generation of carriers which is seen in Fig. 9 b. The band to
band generation and impact ionization parameter increases
with the increase in the amplitude of the TLP current pulse.
Both these generation mechanisms augment each other until
the failure threshold is reached as shown in the Fig. 8 d and
Fig. 9 d. Another important observation about the physics
of the tunneling current with increasing TLP current pulses
is that, at low current levels, the band to band tunneling
mechanism is observed near the channel region (Silicon-
Si0O; interface) only. However with the increase in the TLP
current pulse, the band to band generation current extends
even below 10 nm from the channel. This phenomenon is
similar to the tunneling mechanism observed in the Zener
diodes. Hence there is a small current range (from 10~*
A/pm to 5 x 107% A/um) where the potential across the
diode is pinned to the Zener breakdown voltage of around
~5.5 V. At higher current levels avalanche effect domi-
nates resulting in the increase of phonon scattering. This
reduces the mobility of the carriers and hence the potential
increases across the TFET leading to the physical damage.
However this Zener tunneling phenomenon is not seen in
the FDSOI TFET (charge carriers are generated only by
point tunneling mechanism) due to the higher self-heating
effects. Self-heating effect also increases the on-resistance of
the FDSOI TFET (in addition to the increased source/drain
resistances of the thin body compared to bulk TFETs) and
reduces the failure current of the FDSOI TFET to ~ 10~
A/pm which is an order of magnitude lesser compared to the
bulk TFET (~ 1073 A/wm). The failure current is measured
when the hotspot temperature reaches 800 K as shown in
Fig. 10.
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To gain additional insights on the physical phenomenon
happening during the TLP stresses, the TLP chronograms
of the FDSOI TFET and bulk TFET are shown in the
Fig. 11 (a) and (b) respectively. At current values less than
10 nA, the drain source voltage of the TFET settles around
50 ns instead of 10 ns rise time. This indicates the current
is too low to charge parasitic capacitances completely in
10 ns rise time. This behavior is similar for both bulk and
FDSOI TFETs. At 1 pA TLP stress, the voltage response
remains flat after the rise time of 10 ns, the final drain source
potential is determined from the tunneling current and is
approximately same for both bulk and FDSOI TFETs. At
higher current levels during the failure current level (IT»),
we observe a higher initial overshoot in the FDSOI TFET
compared to bulk TFET due the reduced junction area. With
the increase in time, generation current dominates leading to
the reduction in drain-source voltage. The increase in tem-
perature finally results in the physical failure. In the case of
bulk TFET, the drain-source voltage of the TFET is pinned
to the Zener tunneling voltage, however with the increase
in time the mobility reduction effect (due to phonon scat-
tering) dominates leading to an increase in the drain-source
voltage. In 1 mA/um TLP chronogram at 75 ns, the hotspot
temperature is high enough to generate additional charge
carriers resulting in the snapback or the physical failure of
the device.

To confirm whether the failure is due to the thermal heat-
ing only, we have conducted one experiment, in which we
ran three TLP simulations with different physical models,
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in the first case only tunneling models are included, in the
second tunneling and avalanche models are included and
finally in the third case, tunneling, avalanche and thermody-
namic models are included at their failure current Itp. The
TLP chronograms of the FDSOI and bulk TFET are shown
in Fig. 12 a and b respectively. First, for both FDSOI and
bulk TFET only with tunneling models, we get an unrealis-
tic settling voltage of ~ 18 — 19 V. With the avalanche and
tunneling models, the voltage settles at ~ 8 V for FDSOI
TFET and ~5.5 V for bulk TFET indicating that the tun-
neling current component and avalanche current component
are approximately same at failure current regime. Another
interesting observation is that the settling voltage is flat
for the complete TLP duration. With the inclusion of the
thermodynamic models, we see an initial overshoot voltage
of 8 V and then the voltage snapbacks to failure in the
FDSOI TFET. In the case of bulk TFET, the initial over-
shoot is pinned to the Zener tunneling voltage. However
there is an incremental increase in the voltage response due
to the mobility reduction at the higher temperature. When
the generation component of the current overtakes the mobil-
ity reduction, we see the physical failure. The same can be
reconfirmed from the TLP characteristics of the FDSOI and
bulk TFET with and without thermodynamic models shown
in Fig. 13 a and b respectively. Hence it’s evident that the
inclusion of the thermodynamic models resulted in the snap-
back and the hard failure is due to the increase in the hotspot
temperature.

In forward bias mode, i.e., when the drain is given nega-
tive ESD stress, the TFET becomes a simple forward biased
gated diode and exhibits the forward bias diode characteris-
tics as shown in Fig. 14. The bulk TFET shows 30% lesser
on-resistance compared to the STI diode at the TLP current
of 1 mA/pm. The failure current of the FDSOI TFET is

303



ELECTRON DEVICES SOCIETY

SITHANANDAM AND KUMAR: NEW ON-CHIP ESD STRATEGY

€10-2 I, =7 mA \@ I, =10 mA ]
3 M v =~
< —

:(6)10'3 l,=1mA / 1
5

3 10t /v/ /./ —=—FDSOI TFET ;
c 7 J —v—BuKkTFET

g 105 1 / 1 .IT /I 1 _.I_ |ST|1DIO|de 1

06 07 0.8 09 1.0 1.1 1.2 1.3 14 1516 1.7
Drain Source Potential, |V [ (V)

FIGURE 14. TLP characteristics of FDSOI TFET, bulk TFET and STI Diode
during negative ESD stress at the drain of the TFET and cathode of the STI
diode.

~ 1 mA/pm and is the least among bulk TFET and STI
diode. The lower failure current is due to the higher ther-
mal resistance of the buried oxide. The failure currents of
the bulk TFET and STI diode are almost comparable at
7-10 mA/pm.

B.2. VFTLP CHARACTERISTICS

Since achieving CDM target is more critical than HBM target
in advanced CMOS technologies, we have explored VFTLP
characteristics of the TFET also in detail. The VFTLP char-
acteristic during the positive ESD stress at the drain is shown
in Fig. 15. In the case of STI diode, the V1| and the on-
resistance are similar to TLP characteristics. However the
failure current is 5X higher compared to the TLP charac-
teristics due to the reduction in heating (the pulse width of
VFTLP is 1 ns which is significantly lesser compared to
the TLP characteristics which has 100 ns pulse width). In
the case of FDSOI TFET, the on-resistance is similar to the
TLP characteristics at lower current levels (< 107> A/wm).
However with the increase in the VFTLP current pulse, the
following differences with respect to the TLP characteris-
tics are seen (a) on-resistance is higher which is due to the
inability of the device to settle to final value from the initial
overshoot discussed in Fig. 11 a (b) Zener tunneling effect
and the steep current curve is observed due to the delayed
joule heating effects (c) Both failure current (ITp) and failure
voltage (V12) increases by 10 X and 1.2 X respectively. In
the case of bulk TFET, the on-resistance is similar to the TLP
characteristics until Typrip < 1073 A/pm. However due to
reduce heating effects, the V1, across the TFET increases
to 10 V compared to ~ 6 V of the TLP case. The failure
current Ity also increases by 5 X times compared to the
TLP case. Fig. 16 shows the current density and hotspot of
the FDSOI TFET and STI diode. To understand the fail-
ure mechanism, we have performed 3D TCAD simulations
of the TFET and STI diode. For FDSOI TFET, the current
density is at the surface indicating the failure current takes
where the point tunneling from source-channel happens, the
hotspot is also located in the tunneling junction. Also the

304

o S —u—FDSOI TFET
’g ] —v—Bulk TFET
< ]
i ]
)
o -
5 [}
LC) 10°k ’-' -
‘s
O 10° s - -

2 4 6 8 10 12 14 16
Drain Source Potential, [V | (V)

FIGURE 15. VFTLP characteristics of FDSOI TFET, bulk TFET and STl Diode
during positive ESD stress at the drain of the TFET and cathode of the STI
diode.

z

e

Current Density
(Alem?)

Post breakdown, current crowding in the
least resistive path

Breakdown at the tunneling junction

Current Den-

sity (Alcm?)
sosen [
T oear 31030005
sussocs snonau
- o~
yyyyy -
. |
e z
Hotspot at the tunneling junction ‘
¥
Lattice Tem- Lattice Tempera-
Eramre (K) ture (K)
) s
rovaz e
smecz s
mmmmm [,
Loz soomz
270 1002
H... H..
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VFTLP pulse at the drain of the FDSOI TFET and cathode of the STI diode.

hotspot is seen more at the edges than the center of the TFET
indicating non-uniform thermal resistance, the physics and
behavior of this non-uniform filamentation is similar to the
failure mechanism mentioned in [26]. The failure mecha-
nism of the bulk TFET is exactly same as the FDSOI TFET
and hence not shown. In the case of STI diode, the current
is more uniform indicating higher failure current compared
to the FDSOI TFET, and the hotspot location is in the
P* /Psub junction which is in-line with the physics available
in [27].

During the negative ESD stress at the drain, the TFET
becomes a forward biased diode with lower on-resistance
compared to the STI diode as shown in Fig. 17. At higher
VFTLP current pulse, high injection and mobility degrada-
tion effects leading to higher on-resistance are observed in
the bulk TFET and the STI diode. The failure current of the
VFTLP is 3—7 times more compared to the TLP characteris-
tics indicating the time dependency on the hard failure. The
failure current of the STI diode and bulk TFET are simi-
lar, however the mobility reduction due to carrier heating
is more pronounced in the STI diode. The current density
plots shown in the Fig. 18 depict the forward biased diode
conduction mechanism, i.e., injection current. The lattice
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temperature shown in Fig. 18 (d, e, f) indicates the failure
mechanism is due to contact melting, hence the robustness
of the TFET and STI diode are limited to the number of
contacts and the uniformity of layout.

IV. ADVANTAGES OF TFET IN ESD

Advantages of the TFET from ESD perspective can be
analyzed from two dimensions (1) TFET as a load to be
protected from an ESD event (2) TFET itself as an ESD
device. TFET is an excellent load compared to the CMOS
load for three reasons. First, the failure voltage (V) of the
TFET is 6-7 V even in the on-state because of the reverse
bias diode breakdown mechanism compared to the parasitic
bipolar turn-on of NMOS load. This voltage is 2-3 V higher
compared to the V1 of the parasitic bipolar turn-on mecha-
nism of NMOS in 28 nm and below technology nodes [28].
Hence the ESD design window is increased compared to the
MOSFET based load as shown in the Fig. 19 which pro-
vides the good margin for ESD engineers. Second, TFET
based CMOS logic contains stacked PTFET and NTFET
which is two gated diodes connected from the internal net to
the supply voltage and ground respectively. This if properly
designed can act as a self-protected ESD driver. Third, for the

VOLUME 6, 2018

10" T T T T
FDSOI TFET
102 FDSOI GGNMOS [25]

Thermal Failure

Current, (A/um)

c
3
o
e
X
«
o
—
L’ﬂ
o)
o)
©
=
o
>

Voltage , (V)

FIGURE 19. ESD design window available for the designers for the FDSOI
TFET and NMOS as the load.

TFET based logic used in core of the IC, the charges stored
in the internal nets during a CDM event gets discharged
efficiently due to the gated diode architecture compared
to the parasitic diode conduction in the CMOS logic
circuits.

TFET cannot be used as primary ESD device in the con-
ventional ESD network nor as a static ESD protection device
like gate grounded TFET similar to gate grounded NMOS
for the failsafe applications because of the poor drive cur-
rent and low failure current per unit area. Hence there can
be only novel or unconventional ways of using this device
in the ESD network. We have proposed one way of using
TFET utilizing the bi-directional current conducting nature
and fast turn-on mechanism of the TFET which would be
explained in the next section.

V. PROPOSED ESD NETWORK

Fig. 20 shows the proposed TFET based ESD network and
the conventional STI diode based ESD network. In the
proposed TFET based ESD network, the gate signals of
the TFET’s are connected to the trigger signal of the supply
clamp circuit through a separate trigger rail. The trigger cir-
cuit, the supply clamp and the ESD network are explained
in [29]. When the positive ESD stress is given at the I/O
pad, the TFET connected between pad and supply (VDD)
rail of Fig. 20 conducts in diode mode turning on the trig-
ger circuit placed in the supply pad, this further polarizes
the trigger rail and hence turning on all the TFETs. For the
three pad configuration shown in the Fig. 20, we obtain three
additional current paths compared to the single current path
of the conventional STI diode based ESD network. The ESD
characterization and network functionality will be discussed
as follows.

A. HBM/CDM CHARACTERISTICS

Fig. 21 shows the HBM and CDM test circuit [12] used in
the simulations, the DUT mentioned is the conventional and
proposed ESD network with the I/O pad and ground to be
stressed as shown in Fig. 20. Both the standards differ by
the resistor, inductor and capacitor values used. CDM test
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FIGURE 20. ESD current paths of the (a) conventional ESD
network (b) proposed TFET based ESD network in three 1/0 pad
configuration.

circuit have lesser resistance (~ 20 €2) which gives a damped
oscillatory response, whereas HBM response is completely
damped because of 1.5 k Q resistor. Please note that the
CDM test circuit used in our simulation is indicative and
used only for the purpose of performance comparison. The
exact test circuit used to ESD qualification will be differ-
ent for different test-chips and its R, L, C parameters are
package dependent [12]. The network optimization, diode
size and clamps are designed to qualify 2 kV HBM target.
Fig. 22 shows the HBM response of the TFET and STI based
ESD network. The graph is plotted in the logarithmic scale
to have clear understanding of triggering behavior during
nano-second regime. For the duration lesser than 100 ps,
TFET based ESD network show lesser stress voltage com-
pared to STI diode based ESD network for both 2 kV and
3 kV HBM stresses. The faster turn-on behavior and higher
leakage current of the TFET results in the reduction in the
maximum voltage seen at the I/O pad. However, the peak
voltage is same for 2 kV HBM stress and a 0.5 V reduc-
tion of the peak voltage is observed for 3 kV HBM stress
indicating only the marginal improvement compared to STI
diode based ESD network. This is because of the low drive
current silicon TFETSs used in our simulations. Higher drive
current TFETs [30] are expected to provide better HBM
response. The advantage of TFET based ESD network is
clearly observed in the CDM response shown in the Fig. 23.
For both 125 V/3.5 A CDM and 250 V/7 A CDM, we see
a peak voltage reduction 3-4 V in the TFET based ESD
network. We also observe the voltage increase of 5 V at the
I/0O pad from 125 V CDM to 250 V CDM stress for STI
diode based ESD network and the voltage increase of only
2 V is observed in the case of TFET based ESD network,
hence a voltage regulation mechanism is observed in the
latter case explained in detail in the following section.

B. TLP/VFTLP CHARACTERISTICS

The TLP and VFTLP response of the conventional and
proposed ESD network are shown in the Fig. 24 and
Fig. 25 respectively. When the positive ESD stress is applied
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on I/O pad P1 with the I/O pad P2 grounded, the following
current paths can be possible for both STI diode and TFET
based ESD network, the primary current path is (T1, C1 and
T4) which is called as current_path_1. Additional secondary
current paths include (T1, T3) and (T2, T4) which are called
as current_path_2 and current_path_3 respectively. The mag-
nitude of the current carried by the different current paths
and its ESD implications are discussed in detail below,

B.1. | TLP=15A

In this case, we have given a TLP current pulse of 1.5 A to
the pad P1 with pad P2 grounded. This current level approx-
imately corresponds to 2 kV HBM stress. From Fig. 24, we
observe a maximum voltage at the pad P1 (6.8 V) is same for
both STI diode and TFET based ESD network. This is due
to the lower drive current of the silicon TFETSs used in our
work. The secondary current_path_2 and current_path_3 car-
ries only 1.3 mA and 3.8 mA respectively. Hence the TFET
based ESD network is not advantageous for the targeted
HBM specification of 2 kV. Another important observation
from the simulation results is that the current through the
T3 is higher compared to the T2 though the Vpg is same
for both the transistors. This is due to the higher overdrive
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voltage (Vgs) seen at the gate of the T3 (~ 4.9 V) compared
to the gate of the T2 (4.9V — 1.9V =3 V).

B2. I VFTLP=3 A

In this case, we have given a VFTLP current pulse of
3 A which corresponds to 125 V CDM stress. From Fig. 25,
we observe a maximum voltage of 11.4 V and 8.6 V at
the pad P1 of the STI diode and TFET based ESD network
respectively. This 2.8 V reduction in the maximum voltage
is due to the increased current flow in the secondary current
paths. The T2 and T3 carries 463 mA and 647 mA. The Vpg
and Vgs of 5.8 V is exactly at the Zener tunneling assisted
avalanche generation regime. It should be noted that the trig-
gering voltage of the load is assumed to be greater than 6 V,
hence this additional current paths safely discharge the CDM
current. However, in the case of STI diode, the maximum
voltage difference across two nodes is greater than 8.6 V
which may lead to CDM failure. Even with 250 V. CDM
stress, the maximum voltage difference across two nodes
is less than 7.1 V. In the real scenario, with multiple I/O
pads in the chip, there can be multiple tunneling current
paths which clamp the voltage to Zener voltage of 5.5 V —
7 V. Hence it’s clearly evident that the TFET based ESD
network is advantageous at higher current levels especially
during the CDM regime which is a major reliability concern
in the advanced technology nodes.

VI. CONCLUSION

In this paper, we have discussed the quasi-static behavior of
the bulk and FDSOI tunnel field effect transistor (TFET) dur-
ing electrostatic discharge (ESD) stress conditions. From DC
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characteristics, we have shown that the TFET exhibits higher
leakage current compared to STI diode. The better scalability
of TFETSs can be advantageously used for area optimization.
During positive ESD stress at the drain, tunneling cur-
rent reduced the potential build up resulting in reduced
on-resistance. During negative ESD stress, TFET charac-
teristics are similar to forward biased gated diode and hence
exhibits lesser on-resistance compared to STI diode. The bulk
TFET showed enhanced ESD behavior compared to FDSOI
TFET because of reduced thermal resistance. The proposed
TFET based ESD network is shown to exhibit enhanced
CDM performance. With evergreen research interests in
novel TFET device for improved figure of merit, we believe
our proposed TFET based ESD network brings a significant
value proposition in designing the ESD solutions for the
future SOCs.

ACKNOWLEDGMENT

The authors would like to thank Vivek Asthana of ARM
Semiconductors; Johan Bourgeat, Jean Jimenez and Chittoor
Parthasarathy of ST Microelectronics for their help in
calibration, technical support and discussion.

REFERENCES

[1] Y. Solaro et al., “Innovative ESD protections for UTBB FD-SOI
technology,” in Proc. IEDM, Washington, DC, USA, Dec. 2013,
pp. 7.3.1-7.3.4.

[2] S. Saurabh and M. J. Kumar, Fundamentals of Tunnel Field Effect
Transistors. Boca Raton, FL, USA: CRC Press, Nov. 2016, p. 300.

[3] D. B. Abdi and M. J. Kumar, “In-built N+pocket P-N-P-N tunnel
field-effect transistor,” IEEE Electron Device Lett., vol. 35, no. 12,
pp. 1170-1172, Dec. 2014.

307



ELECTRON DEVICES SOCIETY

SITHANANDAM AND KUMAR: NEW ON-CHIP ESD STRATEGY

[4]

(31

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

(21]

308

M. J. Kumar and S. Janardhanan, “Doping-less tunnel field effect
transistor: Design and investigation,” IEEE Trans. Electron Devices,
vol. 60, no. 10, pp. 3285-3290, Oct. 2013.

S. Saurabh and M. J. Kumar, “Investigation of the novel attributes
of a dual material gate nanoscale tunnel field effect transistor,” IEEE
Trans. Electron Devices, vol. 58, no. 2, pp. 404-410, Feb. 2011.

H. Lu and A. Seabaugh, “Tunnel field-effect transistors: State-of-
the-art,” IEEE J. Electron Devices Soc., vol. 2, no. 4, pp. 4449,
Jul. 2014.

M. J. Kumar, R. Vishnoi, and P. Pandey, Tunnel Field-Effect
Transistors (TFET): Modelling and Simulation. Chichester, U.K.:
Wiley, Nov. 2016, p. 250.

D. H. Morris, U. E. Avci, and I. A. Young, “Variation-tolerant dense
TFET memory with low Vv matching low-voltage TFET logic,” in
Proc. Symp. VLSI Technol., Kyoto, Japan, Jun. 2015, pp. T24-T25.
A.R. Trivedi, S. Datta, and S. Mukhopadhyay, “Application of silicon-
germanium source tunnel-FET to enable ultralow power cellular neural
network-based associative memory,” IEEE Trans. Electron Devices,
vol. 61, no. 11, pp. 3703-3715, Nov. 2014.

M. S. Kim, H. Liu, X. Li, S. Dutta, and V. Narayanan, “A steep-
slope tunnel FET based SAR analog-to-digital converter,” I[EEE Trans.
Electron Devices, vol. 61, no. 11, pp. 3661-3667, Nov. 2014.

S. Datta, H. Liu, and V. Narayanan, “Tunnel FET technology: A reli-
ability perspective,” Microelectron. Rel., vol. 54, no. 5, pp. 861-874,
May 2014.

S. Saurabh and M. J. Kumar, “Estimation and compensation of process
induced variations in nanoscale tunnel field effect transistors (TFETSs)
for improved reliability,” IEEE Trans. Device Mater. Rel., vol. 10,
no. 3, pp. 390-395, Sep. 2010.

A. Dray et al., “ESD design challenges in 28nm hybrid FDSOI/Bulk
advanced CMOS process,” in Proc. Elect. Overstress Electrostatic
Discharge Symp. (EOS/ESD), Tucson, AZ, USA, Sep. 2012, pp. 1-7.
M. Shrivastava, H. Gossner, M. S. Baghini, and V. R. Rao, “Part I:
On the behavior of STI-type DeNMOS device under ESD condi-
tions,” IEEE Trans. Electron Devices, vol. 57, no. 9, pp. 2235-2242,
Sep. 2010.

A. Amerasekara and C. Duvvury, ESD in Silicon Integrated Circuits.
Chichester, U.K.: Wiley, 2002.

ESD  Association  Standard Test Method for  Electrostatic
Discharge (ESD) Sensitivity Testing—Transmission Line Pulse (TLP)—
Component Level, ANSI/ESD  Standard STM  5.5.1-2016,
2016.

Electrostatic Discharge Sensitivity Testing—Very Fast Transmission
Line Pulse (VF-TLP)—Component Level, ESD Standard TR5.5-03-14,
2014.

C. Kampen, A. Burenkov, and J. Lorenz, “Challenges in TCAD sim-
ulations of tunneling field effect transistors,” in Proc. Eur. Solid-State
Device Res. Conf. (ESSDERC), Helsinki, Finland, 2011, pp. 139-142.
C. Salaméro et al., “TCAD methodology for ESD robustness
prediction of smart power ESD devices,” IEEE Trans. Device Mater.
Rel., vol. 6, no. 3, pp. 399407, Sep. 2006.

K. E. Moselund et al., “Comparison of VLS grown Si NW tunnel
FETs with different gate stacks,” in Proc. ESSDERC, Athens, Greece,
Sep. 2009, pp. 448-451.

K. Esmark, H. Gossner, and W. Stadler, Simulation Methods for ESD
Protection Development. Amsterdam, The Netherlands: Elsevier Sci.,
2003.

[22]

[23]

[24]

[25]

[26]

(271

[28]

[29]

[30]

R. Sithanandam and M. J. Kumar, “A novel cascade-free 5-V ESD
clamp using I-MOS: Proposal and analysis,” IEEE Trans. Device
Mater. Rel., vol. 16, no. 2, pp. 200-207, Jun. 2016.

L. Liu, D. Mohata, and S. Datta, “scaling length theory of double-
gate interband Tunnel field-effect transistors,” IEEE Trans. Electron
Devices, vol. 59, no. 4, pp. 902-908, Apr. 2012.

A. C. Seabaugh and Q. Zhang, “Low-voltage tunnel transistors for
beyond CMOS logic,” Proc. IEEE, vol. 98, no. 12, pp. 2095-2110,
Dec. 2010.

H. Lu and A. Seabaugh, “Tunnel field-effect transistors: State-of-
the-art,” IEEE J. Electron Devices Soc., vol. 2, no. 4, pp. 44-49,
Jul. 2014.

N. K. Kranthi and M. Shrivatsava, “ESD behavior of tunnel FET
devices,” IEEE Trans. Electron Devices, vol. 64, no. 1, pp. 26-36,
Jan. 2017.

V. A. Vashchenko and A. Shibkov, ESD Design for Analog Circuits.
New York, NY, USA: Springer, 2010.

P. Galy, S. Athanasiou, and S. Cristoloveanu, “BIMOS transistor in
thin silicon film and new solutions for ESD protection in FDSOI
UTBB CMOS technology,” in Proc. EUROSOI ULIS, Bologna, Italy,
2015, pp. 29-32.

M. Stockinger et al., “Boosted and distributed rail clamp networks
for ESD protection in advanced CMOS technologies,” in Proc. Elect.
Overstress Electrostatic Discharge Symp., Las Vegas, NV, USA, 2003,
pp. 1-10.

U. E. Avci, D. H. Morris, and 1. A. Young, “Tunnel field-effect transis-
tors: Prospects and challenges,” IEEE J. Electron Devices Soc., vol. 3,
no. 3, pp. 88-95, May 2015.

RADHAKRISHNAN SITHANANDAM received
the M.S. degree in electrical engineering from the
Indian Institute of Technology, New Delhi, India,
where he is currently pursuing the Ph.D. degree.
He is a Senior Engineer with the Device Solutions
and Research Division, Samsung Electronics Pvt.
Ltd. He was with Advance Devices and ESD
Solutions Group, ST Microelectronics Pvt. Ltd.

MAMIDALA JAGADESH KUMAR (SM’98) is
currently a Professor (on-leave) with Indian
Institute of Technology Delhi, New Delhi, India.
He is the Vice-Chancellor of Jawaharlal Nehru
University, New Delhi. He has authored many pub-
lications in micro/nanoelectronics.

He was an Editor of the IEEE TRANSACTIONS
ON ELECTRON DEVICES. He is currently the
Editor-in-Chief of the IETE Technical Review and
an Editor of the IEEE Journal of the Electron
Devices Society.

VOLUME 6, 2018




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


