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4.1 Introduction

The ability to reduce the size of devices, especially MOSFETS, has long been an
important factor in the semiconductor industry since it has allowed for the development
of increasingly efficient integrated circuits (ICs) as aforementioned. However,
conventional MOSFETSs have encountered challenges as the need for improved power
efficiency has increased, especially in obtaining subthreshold slopes (SS) below 60
mV/decade. The restriction is a noteworthy obstacle to the continued reduction of
gadget size. A technology that demonstrates potential for low-power applications is the
tunneling field-effect transistors (TFET), as it can achieve SS values of less than 60
mV/decade.

Junctionless transistors (JLT) exhibit better SCEs, and therefore, the channel
length can be reduced further to a lower value compared to a conventional MOSFET. A
JLT has homogeneous and uniform doping and bears no PN junction in the source-
channel-drain path making the fabrication process of process relatively simpler and
cost-effective than a junction-based device as mentioned in previous chapter [1, 2].
TFETs have been studied immensely for low-voltage applications [3, 4]. A TFET
functions by a distinct mechanism called Band-to-Band Tunneling (BTBT). In this case,
carriers do not need high energy to cross a conventional energy barrier since they can
tunnel straight from the valence band of the source to the conduction band of the
channel. However, even if the device has a lower subthreshold slope; the ON-state
current is lesser, resulting in a lower Ioy/Ippr ratio (typically <10764) at lower
voltages [5]. Other drawbacks of TFETs are ambipolar conduction, large gate-to-drain
capacitance, etc [6, 7]. Pocket doping [8], gate work-function engineering [9], hetero
material [10], gate-to-drain overlap [11], hetero-dielectric TFET [12], etc are
investigated to address these shortcomings. Combining both JLT and TFETS, we have
studied JL-TFET for low-power and high-temperature applications. Because there is no
junction, JL-TFETs provide better gate control, which improves performance metrics
like speed and power efficiency. Furthermore, JL-TFETs show lower leakage current,
which solves a major issue with traditional FETSs, especially at smaller feature sizes.
Future semiconductor technologies may find JLTFETSs appealing due to their simplified
fabrication method, which has the potential to reduce costs and improve scalability.
Moreover, as the temperature changes, device performance parameters such as ON-OFF

current ratio (Ion/lorr), transconductance (G,), threshold voltage (Vry), and cut-off
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frequency (fr) change significantly which will affect overall performance in an IC and
that is our main concern for JL-TFET.

Furthermore, with the growing prevalence of electronic devices in radiation-
prone areas, there is a concern about their susceptibility and tolerance to radiation-
induced damage. Radiation can originate from several sources, such as nuclear reactors,
medical equipment, other technological gadgets, and cosmic rays, etc [13, 14]. The
impact of radiation on transistors is a critical consideration, especially in critical
applications such as medical devices, nuclear power plants, and aircraft, etc. Transistors
are vulnerable to a range of radiation types, including gamma rays, neutron radiation,
and ionizing radiation like alpha and beta particles [15-17]. In the upcoming section, we
delve into the effects of ionizing radiation on device properties, focusing on aspects
such as Ips — Vs characteristics, threshold voltage shifts (4V;y), and degradation of
other electrical parameters. In addition, we have examined the radiation-hardening
techniques specifically for JL-TFETSs by using the process variation method to mitigate
the effects of radiation-induced damage. Optimizing the oxide thickness and the
substrate thickness to minimize the introduction of defects and ensure uniform device
characteristics can improve radiation hardness.

Another major reliability issue with JL-TFETs is HCI, which can damage the
gate oxide and affect overall device performance due to the strong electric fields inside
the device that can produce hot carriers. We examine methods to reduce HCI impact in

JL-TFETSs, aligning with their distinctive design requisites [18, 19].
4.2 Structure and Operating Principle of JL-TFET

The TFET can operate as an n-type or p-type device, depending on the dominant carrier
type in the channel at the time of activation. A device is referred to as "n-type TFET" if
electrons are the main carriers in the channel, and "p-type TFET" if holes are the
predominant carriers. A key structural difference between TFETs and conventional
MOSFETSs lies in the doping types of the Source, Channel, and Drain regions. In
MOSFETSs, the Source and Drain are typically of the same doping type, whereas in
TFETSs, they are of opposite types. The channel of both p-TFETs and n-TFETS is
intrinsically doped, whereas in NMOS and PMOS MOSFETS, the channel doping is p-
type and n-type, respectively.
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Fig. 4.1(a)-(c) illustrates the cross-sectional views of a conventional MOSFET,
TFET, and JLTFET respectively, with the sources grounded as depicted. In the case of a
conventional MOSFET, the operation relies on the formation of an inversion layer
beneath the gate when a positive gate bias is applied. This inversion layer allows current

to flow between the source and drain terminals. By varying the voltage applied to the
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gate, the conductivity of the channel can be controlled, enabling the MOSFET to act as
a switch or an amplifier. In the case of a TFET, a heterojunction, or highly doped area,
is added close to the channel region. Carriers can tunnel from the source to the channel
when a voltage is supplied to the gate, which causes a tunneling current to flow through
the barrier. In comparison to traditional MOSFETS, this tunneling current may have a
lower power consumption and produce steep subthreshold slopes since it grows

exponentially with the applied gate voltage.
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Fig. 4.2: Energy band diagram of JL-TFET at fixed drain bias Vps = 1V, in the ON-state
(Veg = 1V) and OFF-state (Vo = OV) at Vg = OV and ¢nm1=5.9eV, dmo=4.25eV

Whereas, the JL-TFET functions by modulating the electric field within a uniform
semiconductor channel to enable carrier transport via BTBT. JL-TFETs rely on a
continuous channel and do not have strongly doped junctions as conventional TFETS
do. The control gate (CG) and fixed gate (FG) are two fundamental ideas that are
essential to JL-TFET functioning. The energy band structure of the channel is changed
by the presence of this virtual p-type area that the FG creates. This changed band
structure makes it easier for carriers to quantum tunnel over the channel when an
appropriate voltage is placed between the source and drain, allowing the transistor to
conduct current. By supplying a voltage, the control gate modifies the electric field
inside the channel. In the OFF-state of an n-channel JL-TFET, where the control gate-
to-source voltage (V¢) is 0 V and the drain-to-source voltage (Vjs) is greater than 0, the
channel conduction band (CB) is positioned above the valence band (VB) of the source.
In this configuration there is no BTBT, resulting in a very low leakage current (Fig.

4.2). Instead, the leakage current in the OFF-state is primarily due to mechanisms such
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as Trap-Assisted Tunneling (TAT), Shockley-Read-Hall recombination (SRH), and gate
oxide leaks.

As the V. is increased from zero bias to a positive value, the CB of the channel
gradually moves downwards. Once it aligns with the VB of the source at a sufficient
Vs, electrons start tunneling from the source VB to the channel CB. The positive drain
voltage then drives these tunneling electrons toward the drain. Similarly, in a p-channel
JL-TFET, when a sufficient negative bias is applied to the gate terminal, the VB of the
channel rises above the CB of the source. This allows carriers (holes) to tunnel into the
channel, and the negative drain voltage sweeps these entering holes toward the drain.

By regulating the carrier concentration, this modulation creates a virtual junction inside
the channel. To designate the source and drain areas, the FG keeps the voltage constant
in the interim. Carriers close to the source region tunnel through the virtual junction's
energy barrier and enter the conduction band when a negative gate voltage is applied.
Current can flow through this tunneling mechanism from source to drain. Tunneling is
not impeded by the lack of a physical connection since the virtual junction created by
the electric field accomplishes the same function. The device's conductance is
determined by the CG voltage, giving it exact control over how it operates. The
transistor may be turned on or off and the current flow can be controlled by varying the

gate voltage.
4.3 Traps in JL-TFET

Traps, or localized energy states within the semiconductor material, represent
significant challenge in JL-TFETSs. These traps can capture and release charge carriers,
leading to performance degradation, increased leakage currents, and reduced device
reliability shown in Fig. 4.3. Common trap types include interface traps, bulk traps, and
border traps, each posing unique challenges to device operation. The interface traps are
supposed to affect the drain current differently for different devices as per the working
physics of the device. In tunnel FETSs, these traps mostly occur due to a high electric
field at the tunneling interface, the effect of temperature and hot carriers influences
them [20]. In TFETSs, the drain current is due to band-to-band tunneling (BTBT).
Because the BTBT rate depends on the electric field exponentially, interface traps have
a greater influence on the drain current on TFETSs [21].
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Fig. 4.3: Formation of traps in gate oxide layer of TFET.

The types of interface traps (donor or acceptor), their density (Nyp, Noa = Np), and the
corresponding trap energy level (E,) within the forbidden gap also carries a different
impact on the drain current. Ehteshamuddin et al. observed that unlike donor-type traps;
the acceptor-type traps deteriorate the BTBT mechanism in an n-TFET while it
improves the same in a p-TFET [22]. The donor-like and acceptor-like interface traps
play a critical role in threshold voltage and therefore drain the current of a device [23].
There are many reports on the effects of interface traps on drain current, random
telegraph noise, in the presence of high temperature, etc., a few of them are discussed as
follows. Pezzimenti et al concluded that the intrinsic defect concentration may be at
least one order of magnitude lower than the epilayer doping concentration to avoid the
formation of high-resistive paths for current [24]. Fan et al. observed substantial random
telegraph noise (RTN) amplitude for a single acceptor trap near the tunneling junction;
moreover, a donor trap originated even more severe impact over a broader region across
the channel region, with the help of atomistic 3-D TCAD simulations. Further, they
added that thinner equivalent oxide thickness or longer L.fr, work function variation,
etc are some of the techniques that they found to control RTN amplitude depending on
trap-type and the composition/orientation of metal-gate grain [25]. The location of the
traps, bias conditions, and trap types impact RTN for both FinFETs and TFETs
conferencing devices and circuit characteristics [26]. Ghosh et al. analyzed the effects of
traps at higher temperatures for a buried oxide TFET and found that the linearity of the
device improved with the rise in temperature [27]. They further added that the Gaussian
trap influence is more compared to a uniform trap on the device and circuit performance
of the device [28]. Gupta et al. proposed a heterogeneous gate dielectric junctionless-
TFET (HD JL-TFET) that improved the transconductance, linearity, and distortion as

compared with the conventional JL-TFET [29]. Huang et al., reported with positive-bias
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and hot-carrier (HC) stress experiments and TCAD simulation, that the drain current
degradation is mainly induced by the interface traps and/or oxide charge located above
the tunneling region, which eventually reduces the tunneling field and tunneling current.
The interface traps primarily encourage the degradation in transconductance, while the
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Fig. 4.4: Schematic of (a) JL-TFET and (b) p-i-n SOI-TFET.

oxide charge is responsible for a threshold-voltage shift in TFETs. Further, they added
that the interface-trap generation is dominant with positive-bias stress, and the oxide-
charge formation is vital under an HC stress in n-TFETs [30]. In conventional TFETS,
high concentrations of acceptor-like interface traps suppress device ambipolarity, thus
lowering the OFF-state current. With an optimized TFETSs, namely, advanced InAs-
based nanowire (NW) TFETs with Al,05 as the high-k gate insulator, they proposed
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that the effects of interface traps can be reduced to an acceptable value [31]. Pandey et
al., investigated the effect of a single charge trap random telegraph noise (RTN)-
induced degradation in 111-V heterojunction tunnel FET (HTFET)-based SRAM, which
exhibits significant energy/performance enhancements even in the presence of RTN. To
be specific, HTFET-based SRAM provided 48X lower read access delay and 1.5X
reduced power consumption over Si-FINFET ST SRAM operating at their respective
minimum supply voltages [32]. Sant et al., verified both theoretically and
experimentally that the trap density at the semiconductor-oxide interface has to be
suppressed to achieve a sub-thermal SS, eg., for a sub-thermal SS, the density of
interface traps density, D;; < 1012 cm~2eV ~1 [33]. Conventional MOSFET and TFETs
follow the same trend for threshold voltage shift and subthreshold swing degradation
induced by interface traps, however, impacts on I,y are different because of different
conduction. N-type TFET is intrinsically more immune to Vg shift induced by
acceptor/donor interface traps than an n-type MOSFET [20].

Therefore, it is of utmost importance to know the effect of traps on JL-TFET at
high temperatures that are not reported to the best of our knowledge. Moreover, both
junctionless transistors and TFET are advantageous for low-power applications. It
would be interesting to know if JL-TFET is opportunistic at a higher temperature.

4.4 Device Simulation and Calibration

Fig. 4.4(a) shows the 2-D schematic of the JL-TFET architecture with a highly doped
N-type Concentration of 1 x 10° cm™3. The JL-TFET has a channel length, L., =
20 nm, and height Ts; = 10 nm. The gate dielectric (HfO,) thickness is taken as
Tox = 2 nm in between metal gate contact and channel to get the optimized results of
the device [34-36]. The FG is set to 0 V. This choice is made to establish a consistent
reference point for the device operation, ensuring that the modulation of the electric
field and the formation of the virtual p-type area are controlled solely by the CG. The
separation between the lateral front gate (Lrg) and lateral control gate (Lcg) was
determined based on physical criteria such as electrostatic control and device stability.
A separation of 5 nm was selected to ensure effective modulation of the channel,
avoiding interference between the gates. This design was validated through the Ips-Vgs
characteristics, as shown in Fig. 4.4(a), which demonstrated optimal current conduction
and stable threshold voltage (Vt4). We have used the optimized value for this from
Akaram and Ghosh's published article [36].
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Additionally, the chosen separation minimized short-channel effects, reducing
drain-induced barrier lowering (DIBL) and maintaining a reliable V4. The reduced
parasitic capacitances and overlap capacitance between the L and Lcg contributed to
improved high-frequency performance, while minimizing fringing effects.

Reducing the separation below 5 nm would introduce significant fabrication
challenges. These include increased difficulty in achieving precise lithography and
alignment, leading to potential gate overlap and unwanted coupling effects. The smaller
separation could also result in higher parasitic capacitances, adversely affecting the
device's high-frequency and switching performance.

Fig. 4.4(b) the conventional p-i-n SOI-TFET structure with the same dimension
is used as in the case of JL-TFET with a single gate over the channel region with a
metal workfunction ¢,, = 4.58 eV . This work function has been used to match the V.
of both devices at room temperature. The threshold voltage is measured using the
constant current method at a constant drain current I, = 1 x 107 A/ um. For the p-i-n

SOI-TFET the doping concentrations in the source (p*-type), channel (p), and
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Fig. 4.5: Energy band diagram of (a) JL-TFET and (b) p-i-n SOI TFET at a fixed drain bias
Vps = 1V, in the ON-state (V;s = 1V) and OFF-state (Vs = 0V) at T=300K.
drain (n*-type) regions are 1 x 102° cm=3, 1 x 10'® cm™3, and 5x 108 ¢m™3
respectively as mentioned in [37] for best performance. The energy band diagram for
JL-TFET is shown in Fig. 4.5(a) at a constant drain bias V,¢ = 1V for both ON-states
(Vgs = 1V) and OFF-state (V;s = 0V). It has been observed that a band-to-band
tunneling path is forming while input bias is changing from Vs = 0V to Vg = 1V.

All simulations are carried out using Sentaurus TCAD Version R-2020.09-SP1

by Synopsys Inc. [38]. The simulation set-up has been calibrated with the transfer
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characteristics of JL-TFET shown in Fig. 4.6 [36]. The propagation of errors from the
published simulation to the presented data was insignificant. Based on the sensitivity
analysis performed, the error percentage is estimated to be within 2-14%, mainly due to
differences in model assumptions and material parameters. High doping concentrations
in the substrate enable the bandgap narrowing (BGN) model. Because of the high
impurity atom inside the channel, in the recombination part, Shockley-Read-Hall (SRH)

model is
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Fig. 4.6: Calibration of the simulation set-up with simulation dataset [36] for gate length
Lgc = 20 nm, thickness Ts; = 5nm, Oxide (HfO,) thickness Tpox = 2 nm and doping n-type
concentration of 1 x 10'° cm ™3,

used. Along with the SRH effect, recombination of the carrier is also temperature-
dependent [39]. The performance of the TFET has been investigated at varying

temperatures from analog design perspectives. As the gate bias increases beyond the

Table 4.1: Parameter of nonlocal path band-to-band tunneling

Symbol Parameter Name | Calibrated Value
A Apan 2.6 X 106cm™3s71
B Bpatn 4.2 X 10Vem™t
D Dpatn —0.45eV
Eop Ppatn 0.037 eV
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threshold voltage, tunneling of the mobile carriers increases, so drain current increases
exponentially. The nonlocal band-to-band tunneling (BTBT) model is used for the

tunneling of carriers. Calibration of the simulated dataset is traced by changing Ayqp,

Bpatn and Dy gy, in the parameter section of the silicon substrate as shown in Table 4.1.

4.5 DC and Analog/RF Performance of JL-TFET

From Table 4.1, it is noted that the ON-state current of the device increases with
temperature. The ON-OFF current ratio (Ion/lorr) for both the devices is comparable at
high temperatures. It is observed that the OFF-state current of the JL-TFET also
increases more with temperature than p-i-n SOI-FET as evident from Table 4.1. To
analyse the Vyy variation with an increase in T, firstly, we matched the threshold
voltage for both devices at room temperature by changing the metal workfunction in the
p-i-n SOI-TFET. Metal workfunction ¢,, = 4.58 eV for the gate contact material of p-
i-n SOI-TFET gives a perfect match of the threshold voltage V;y = 0.56V at room
temperature. Fig. 4.7 shows the fluctuation in threshold voltage with the temperature at
a fixed drain-to-source bias, Vs = 1V, the threshold voltage for both devices decreases

at higher temperatures.
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Fig. 4.7: Threshold Voltage with Temperature for JL-TFET and p-i-n SOI-TFET for Tpy =
2nm, Lo = 20nm and Vpg = 1V.

The Subthreshold Swing (SS) another important parameter, which convey the device's

switching speed is expressed as

SS = 0Vs/9(logyo Ip) (4.1)
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Transconductance (Gy= 0lp/0Vs) is extracted from the transfer characteristics and
plotted in Fig. 4.8(a) which is a significant metric for analog circuit design. The
transconductance of the device describes how well the amplification can be performed
for circuit applications. The transconductance of JL-TFET increases with temperature
as in the conventional TFET.

For better performance of the device, total gate capacitance (Cg;) of the device

must be less, which affects the cut-off frequency of the device. Fig. 4.8(b) describes the

total gate capacitance (Cg;¢) variation with temperature. f;- of the device is explicate as

fT = S = _u

- 2n(Cgs+Cgp) - 2nCqq

(4.2)

fr is a function of Cgs and Cp, which are also dependent on temperature. For TFETS,
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Fig. 4.8: (a) Gy (b) Cse
Tsi = 10nm, Tox = 2 nm.

Variation with Temperature at fixed Vpg = 1V, Lo = 20 nm,
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C;phas Miller capacitance, which means it acts like parasitic capacitance when get bias
is low and at high Vs it behaves like an inversion capacitance. Cut-off frequency for
both the devices for temperature variation is shown in Fig. 4.9(a).

All the performance Figure of Merit (FOM) are calculated using input frequency

of 1IMHz. The gain bandwidth product of the device at DC gain 10 unit is defined as
GBW = — M __ (4.3)

2nX10XCgp

The GBW product that has maximum values of 2.8 MHz and 2.1 GHz are observed for
JL-TFET and p-i-n TFET respectively as seen in Fig. 4.9(b).
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Fig. 4.9: (a)fr (b) GBW vs gate bias voltage for both devices at Vpg = 1V, L = 20 nim,
Tsi = 10nm, Tox = 2 nm.

4.6 High-temperature Performance of JL-TFET
TFET was found to be more resistant to V4 roll off with an increase in temperature.
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While the temperature dependency is feeble in the BTBT-dominated area, it is more in
the low electric field range because of the strong temperature dependency of SRH
generation—recombination [40]. On the other hand, junctionless transistors show high-
temperature advantages in terms of lesser I,y /Iorr degradation with temperature [41].
Because JL-TFET is studied by many authors as advantages over TFET in terms of a)
excellent ON-OFF characteristics b) lower subthreshold swing and better switching
performance [36]. In addition, that they reported JL-TFET is relatively easy to fabricate,
so it would be interesting to see the high-temperature performances of the device in
comparison to p-i-n SOI-TFET.
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Fig. 4.10: (a)Transfer characteristics with temperature for JL-TFET and p-i-n SOI-TFET at
Vps =1V Lo = 20nm, Tg; = 10nm, Tyx = 2nm (b) BTBT profile with temperature for
both JL-TFET and p-i-n SOI-TFET at V; = 1V and Vg = 1V.

In Fig. 4.10(a) the transfer characteristics are plotted for both the devices by varying the
temperature from room temperature (~300K) up to 500K at V¢ = 1V. It is observed

that there is more ON or OFF-current variation with temperature for JL-TFET.

109



Chapter 4: Reliability of JL-TFET in Harsh Environment

However, JL-TFET still holds better Ion/Iopr till T~400K, after which p-i-n SOI-
TFET outperforms. This is because the probability of band-to-band generation is
increased more in JL-TFET than in p-i-n SOI-TFET with temperature. For p-i-n SOI-
TFET the probability of band-to-band generation is more but less sensitive with
temperature as shown in Fig. 4.10(b) and more is explained below.

The current (|I| = q [ GV, where q is the charge of electron and G is
generation rate and V is the applied field) is determined by Kane’s Model, where G(E)
is given by [40]:

G(E) = A=exp(~B E,2/E) (4.4)

Where E = Electric Field, E;= Band Gap, A, and B are the constant parameter
depending on the effective mass of valance and conduction band. We have considered
the phonon-assisted tunneling process in our physics model for which A and B can be
expressed as

g(meC)3/2 (1+2Nop)Dop2 (qFo)S/Z
221/4n5/2m, 514 pe o p[Eg (300K)+V o+ V] 7/4

A= (4.5)

272rm, /2 [E4(300K)+V c+Vy]3/2
3qh

B =

(4.6)

The values of constants are directly related to a physical parameter that influences the
device's characteristics. After calculating the m,value from the default values while
calibrating, we have changed the other parameters to get the expected transfer
characteristics with the values shown in Table 4.1. On the other hand, in the non-local
BTBT model, the current depends on the bend edge profile along the specified path. In
this model, the electric field is locally defined at each mesh point by setting length and
permeable permission in the specified region interface within the math section of the s-
device [42]. The crystal lattice of the semiconductor material gets expanded and
interatomic bonds are broken with the increase in temperature which can be written as

aT?
(T+B)

E,(T) = E;(0) — (4.7)

E,(0)= Band gap at OK, o, and B are constant for the best fit of the experimental data.
Reduction of energy bandgap with temperature affects the ON-state current as well as
OFF-state current as the tunneling distance is reduced [43]. With an increase in

temperature, the number of broken bonds also increases more in n-type semiconductors
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than intrinsic type semiconducting material. A p-i-n SOI-TFET needs more thermal
energy than n channel JL-TFET. Hence JL-TFET is more temperature sensitive.

The threshold voltage (Vry) is matched for both devices at room temperature by
tunning the metal work function of p-i-n SOI-TFET. Metal workfunction ¢, =
4.58 eV of p-i-n SOI-TFET matches the threshold voltage (V5 = 0.56V) at room
temperature. Table 4.2 shows threshold voltage variation with the temperature at fixed

drain-to-source bias, Vs = 1V. We have traced the threshold voltage by using the

Table 4.2: Electrical Parameters For Variation in Temperatures of JL-TFET and p-i-n

SOI-TFET
T fon v ¥l C fr | GBW
emperature TH GG T
/Torr ( (mV " (Gm/Ip)
(K) 6 ) (mS) (fF) | (GHz) | (GHz)
X 10°) /dec)
JL-TFET 7.18 0.56 56 | 0.049 14.1 1.4 5.6 0.6
300| p-i-n
0.00899 | 0.56 58 0.61 1478.8 | 0.23 420 130
TFET
JL-TFET 3.8 0.43 58 | 0.083 16.65 1.5 9.2 0.99
350| p-i-n
0.00906 | 0.55 62 0.71 1486.6 | 0.24 480 150
TFET
JL-TFET | 0.2189 | 0.30 61 0.12 | 2119.2 1.6 13 1.4
400| p-i-n
0.00922 | 0.55 73 0.82 1508.5 | 0.25 520 170
TFET
JL-TFET | 0.03244 | 0.22 69 0.17 | 2501.7 1.7 17 1.9
450 p-i-n
0.00933 | 0.54 87 0.93 1526.1 | 0.26 560 180
TFET
JL-TFET | 0.00613 | 0.12 | 123 | 0.25 | 2740.8 1.8 22 2.5
500 p-i-n
0.00948 | 0.53 | 143 | 1.06 | 1547.1 | 0.29 570 200
TFET

constant current method (Vyy = Vg at Ipg = 1077 A). For a p-i-n SOI-TFET, Vyy is
marginally altered compared to a JL-TFET, where is a good chance; because of lesser
reduction of an energy band gap in p-i-n SOI-TFET with temperature as the channel is
intrinsic-type which contains a smaller number of mobile charges, than the n-type

heavily doped charges and from the band diagram we can see small tunneling width is
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present. For a p-i-n TFET channel in intrinsic and drain is n-type, but less doped
compared to n-channel JL-TFET. At higher gate voltage, velocity gets saturated,
mobility degrades more in p-i-n TFET than JL-TFET). For the same reason,
subthreshold swing [SS = dV;s/0(log,o Ip)] is lesser temperature sensitive for p-i-n
SOI-TFET than a JL-TFET as shown in Table 4.2.

Transconductance (G,,= 0Ip/dVgs) is slightly better for p-i-n SOI-TFET.
Moreover, G,, of p-i-n SOI-TFET is lesser sensitive to temperature than the other
device. However, G,,/Ip is better for a JL-TFET at a higher temperature. The cut-off
frequency of the device, f; = G,,/2nCs;, Where Cg. is the total gate capacitance is
better for p-i-n SOI-TFET and lesser sensitive to temperature than JL-TFET. For the
same reason, the gain bandwidth product of the device, GBW = G,,/2m X 10 X C;p, at
DC gain of 10 units, is better for p-i-n SOI-TFET even at a higher temperature than JL-
TFET. Overall, from Table 4.2, it can be concluded that a) I,y/Iorr the ratio is
comparatively higher for JL-TFET till T = 400K, after which the p-i-n SOI TFET has
moderately better value b) p-i-n SOI TFET has better transconductance from low-high
temperatures, c) there is more threshold voltage variation with T for JL-TFET, d) JL-
TFET offers relatively better subthreshold swing compared to p-i-n SOl TFET, e) p-i-n
SOI TFET has better gate-to-source capacitance (Cs), gate-to-drain capacitance (Cgp),
cut-off frequency (f) and gain bandwidth product (GBW) performance than JL-TFET.
In conclusion, JL-TFET is a better fit for low-power applications and p-i-n SOI TFET is
more profitable for high-speed applications compared to a JL-TFET.

4.7 Improvement of Ambipolar Behavior in a JL-TFET

In this section, two different gate materials in the control gate part of different
work function ¢y; and ¢y, are considered, where @y, is kept fixed to 4.25 eV, and
@Mz 1S varied to study the transfer characteristics of JL-TFET for different
temperatures. The increase in the work function in the channel drain region increases
the tunnel length for both the ON-state and OFF-state current. Thus, increasing @y,
slightly decreases the current as tunnel length increases. There is an increase in
ambipolar current as ¢y, is increased which is shown in Fig. 4.11(b) through a BTBT
contour for @y, = 4eV and @ym, = 4.25eV at Voo = —0.1V. Decreasing the

value of @y, increases the OFF-state current which is the leakage current.
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Fig. 4.11: (a) Schematic diagram for dual gate material JL-TFET, (b) BTBT contour for the
dual control gate material @), = 4eVand ¢y, = 4.25eVat Vs = —0.1V, (c) Energy Band
diagram variation of ¢y, at V;s = OV (OFF-State condition ), (d) Transfer characteristics with
work function of the material near the fixed gate at T=300K.

This increase in leakage current is due to the shift in energy band in the upward
direction that leads to increasing tunnel length as shown in Fig. 4.11(c). At the super
threshold region, there is no change in ON-state current (Fig. 4.11(d)) because the
energy band remains fixed without any shift in the upward and downward direction in
the source channel region. As the V¢ decreases, the energy band of the channel region
shifts upward due to which the electrons from the valence band of the channel tunnel to
the conduction band edge of the drain, thereby increasing the ambipolarity [3, 44]. So,
for better performance ambipolar behavior can be reduced by shifting the energy band
of the channel/drain region to a downward direction which can be done by reducing the
value of the work function. The work functions in the dual material gate JL-TFET can

be optimized for the improvement of 1oy, which is a drawback for the device.

113



Chapter 4: Reliability of JL-TFET in Harsh Environment

4.8 Reliability Issues in JL-TFET

The effect of HCI on JL-TFET's long-term dependability, highlighting probable
degradation pathways and suggesting preventative measures is analyzed in this section.
Under various negative bias situations, NBTI-induced performance deterioration is
investigated, offering insights into the stability of V;; and general device properties. In
addition, the study evaluates JL-TFETS' immunity to ionizing radiation, which is
important for applications in radiation-prone areas. The findings provide valuable
insights for improving the reliability of semiconductor devices in future technologies.
They emphasize key considerations when designing and selecting materials to enhance
the durability of JL-TFETSs against challenges like HCI, NBTI, and radiation.

4.8.1 Hot Carrier Injection (HCI)

In an n-type JL-TFET, due to accumulation, a high-field spacer charge region
develops at the oxide-semiconductor interface near the channel drain. Electrons then
drift towards the drain region, gaining energy and getting accelerated by the electric
field, becoming hot. These hot carriers may generate extra electron-hole pairs in the
channel, especially in the depletion region of the drain above the pinch-off region[45—
47]. The generated hot electrons are injected from the Silicon to the HfO, region,
perpendicularly to the oxide region due to HCI. As depicted in Fig. 4.12(a), the disparity
in drain current (at room temperature) between JL-TFET with the HCI model and
without the HCI model is more pronounced compared to the p-i-n SOI-TFET with the
HCI model and without it. This occurs because SRH-recombination increases by a
factor of 4.2 in the HCI phenomenon in JL-TFET, as opposed to p-i-n SOI-TFET.

In a JL-TFET, since there is no p-n junction in the source-channel-drain region
and the entire channel region acts as the conducting channel, the HCI phenomenon
initiates whenever electrons tunnel through the energy barrier in that specific region (as
illustrated in Fig. 4.12(b)). This results in a higher number of electron-hole pairs (EHP),
leading to one order more SRH-recombination in JL-TFET compared to p-i-n SOI-
TFET, as shown in Fig. 4.12(c). In p-i-n SOI-TFET, the HCI phenomenon occurs only
in the channel drain region, and the EHP generation is compensated by the intrinsic

region.
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Fig. 4.12: (a) Transfer characteristics curve for both p-i-n TFET and JL-TFET for 300K (b) Hot
electron injection curve for both p-i-n TFET and JL-TFET for 300K (c) Gate leakage
characteristics curve for both p-i-n TFET and JL-TFET with variation in temperature from
300K to 500K (d) SRH-Recombination curve for both p-i-n TFET and JL-TFET for 300K.

Hot electrons injected into the gate oxide near the drain region contribute to a gate
current (I;), as depicted in Fig. 4.12(d). The total hot-carrier injection current is

calculated from the following equation [48]:

Ig _ 2q:gu f Pins fo‘xg(g)v(g)f(g) (fol I (8 _ M) dx) deds (48)

8mTMins

The Spherical Harmonics Expansion (SHE) distribution hot-carrier injection model is
used in the article to describe a model for measuring hot-carrier injection current in a
semiconductor device. The model includes several parameters: the transmission
coefficient (I'), which is derived from the WKB approximation with image-potential
barrier-lowering; the dimensionless prefactor (A = 1, by default); the valley degeneracy
factor (g,,); the probability of electrons moving without scattering (P;,s); the density-of-
states per valley per spin (g); the magnitude of electron velocity (v); and the effective

mass of the insulator (m;,s ). The nonequilibrium energy distribution, f(¢) is obtained
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from the lowest-order Spherical Harmonics Expansion of the semiclassical Boltzmann
transport equation. This cutting-edge method improves our comprehension and
modeling of semiconductor device behavior by offering a more realistic depiction of the
HCI phenomenon.

This gate current can lead to the formation of interface traps, as the injected
electrons become trapped in the oxide region on the drain side. The generated gate
current exhibits a 4-order difference in the case of p-i-n SOI-TFET and a 1-order
difference over the temperature range from 300K to 500K. Due to increase in
temperature from 300 K to 500 K the mobility of carrier conduction increases which
dominates the effect of hot carrier injection (HCI) where the flow of minority carriers is
not affected hence band-to-band generation increases with HCI effect in case of
increasing temperature. This results in the formation of interface states, while the
generated holes tend to move toward the substrate. Hot electrons are more probable, as
electrons more readily gain an electric field due to the small value of effective mass, and
the energy barrier for holes is larger (approximately 3.4eV) compared to the energy
barrier for electrons (approximately 1.5 eV). As a result, the surface potential in the
drain region is altered, leading to the degradation of JL-TFET characteristics. The
generation of EHPs at the source/channel junction increases with temperature in the

presence of the HCI phenomenon.

4.8.2 Negative Bias Temperature Instability (NBTI)

Transistors operating in inversion mode exhibit the NBTI phenomenon, in a JL-
TFET is related to the electric field in the channel region, it is completely dependent on
the biasing conditions. An electrochemical reaction occurs in the vicinity of the silicon-
gate oxide interface due to the high electrical field across the oxide and the high
temperature. Positive charges eventually become trapped at oxide-semiconductor
interface beneath a JL-TFET control gate.

Fig. 4.13 illustrates how the maximum and the average trap density increase
with time. Unlike in a typical semiconductor, these positive charges only partially
neutralize the negative gate voltage and do not contribute to conduction across the

channel. Two distinct processes are associated with Bias Temperature Instability (BTI).
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Fig. 4.13: Interface trapped charge density with time under negative bias condition.

One process involves the direct rupture of Si-H bonds in the oxide. Interface traps are
generated when a p-type JL-TFET transistor is biased in inversion mode, caused by the
breakdown of Si-H bonds along the silicon-oxide interface.

The capture rates for electrons and holes are given by [49]:
c¢ = opviynexp[—H(E; — Ec)/kT] (4.9)
cy = oV, pexp[—H(Ey — E;)/KT] (4.10)
and the electron and hole emission rates given by
el = 0, Ncexp[—H(E¢ — E;)/KT] (4.11)
ey = o,vi Nyexp[—H(E; — Ey)/KT] (4.12)
Where o, and o, are the capture cross-section of electron and hole respectively (by
default o, = 1.08 x 107'° cm? and o, = 1.24 x 10™**cm?). v}} and v}, are the
thermal velocity of electron and hole (by default v, = 1.5 x 107 cm/s and VFh =
1.2 x 107 cm/s).
Trapping is the second incident that leads to BTI. Apart from the creation of
interface states, holes coming from the p-type JL-TFET channel fill certain pre-existing

traps in the dielectric bulk. The trapped charges are released throughout milliseconds to

hours upon removal of the gate voltage. The Vry degradation with time under negative
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bias conditions shown in Fig. 4.14. As transistors have become smaller, the problem has
been exacerbated due to reduced influence averaging across a smaller gate region [50,
51]. Furthermore, a recent study conducted between 300K and 500K revealed a
decrease in NBTI with rising temperatures. However, the exact behavior of this impact

at elevated temperatures is not yet clear. By expanding the study to include different

0 2 4 6 8 10
Time (S)

Fig. 4.14: Vpy degradation under negative bias conditions.

temperature scenarios, researchers hope to get more detailed information about how
NBTI appears in JL-TFETs. This is essential to understanding the fundamental
processes. Controlling device dependability and performance in practical situations
where temperature variations are unavoidable. The wider temperature range makes it
easier to analyze NBT]I's effects on JL-TFETS in detail, providing important information
that is essential for improving device design and reducing reliability issues. Overall, this
analysis has the potential to improve the robustness and practical application of JL-

TFET-based semiconductor technologies in various operating situations.
4.8.3 Radiation Effects

lonizing radiation is strong enough to break electron bonds within atoms,
creating free radicals and charged particles. This essentially introduces defects in the
oxide region of the device, which essentially affects the reliability of the device [52—
54]. Changes in the transistor's behavior and fluctuations in the V;y can occur due to
charge trapping in the gate oxide [29, 52]. Bulk damage can also happen, which affects

carrier mobility and overall device performance. Bulk damage is induced by atoms
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moving around in the semiconductor crystal lattice [55]. Thoroughly assessing the
radiation impact on JL-TFET is essential to ensure the durability and reliability of

electronic systems in applications where radiation is a significant concern, such as high-

energy physics experiments or aerospace applications.

Radiation-induced EHP
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Fig. 4.15: Transfer characteristics of (a) JL-TFET and (b) p-i-n SOI-TFET at Vpg = 1V (C) Vg

and (d) AVy of JL-TFET and p-i-n SOI-TFET with TID.

formation can have cumulative effects from prolonged exposure to ionizing radiation.

This cumulative effect (commonly referred to as TID), quantifies the total amount of

energy deposited in the substance. Fig. 4.15(a) and Fig. 4.15(b) show the transfer
characteristics of the JL-TFET and p-i-n SOI-TFET with the inclusion of radiation dose.

The calibration and fitting characteristics of the device were carefully determined by

utilizing information from a carefully calibrated predecessor [56]. When the transfer

characteristics are examined, an immediate trend becomes apparent: as the radiation

dose rises, the device's OFF-state current degrades more than its ON-state current. The

rate of change of the dose with respect to time, or dR/dt, indicates how quickly the JL-

TFET is exposed to radiation as the radiation dosage increases over time. This
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deterioration has a major effect on critical parameters, such as the Vr4, which presents
difficulties for analog circuit applications and emphasizes the need for radiation-
hardened semiconductor designs [57]. The decline in the V;y for both devices with

radiation dose is compared and illustrated in Fig. 4.15(c). The equation given below
D =0 Rad
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Fig. 4.16: Radiation generation profile of JL-TFET and p-i-n SOI-TFET with radiation.

connects the maximum permitted gate leakage current in a JL-TFET to the rate of
radiation-induced defect development. Before radiation exposure, the V. of JL-TFET
was 0.54 V. After exposure to a radiation dose of 50 Mrad, the V;, degraded to 0.44 V,
similar to that of the V4 of the p-i-n SOI-TFET. The shift in the Vyy with TID is
depicted in Fig. 4.15(d). The gate oxide layer of the device is primarily affected by
ionizing radiation, which can result in gate oxide damage, increased leakage currents,
the creation of interface states, and subsequent charge trapping. The performance of the
JL-TFET may deteriorate as a result of these influences. A mathematical model is
employed to extract the number of traps at the interface and within the bulk oxide
region based on the maximum EHP generation profile at a specific radiation dosage
over a fixed period.

The EHP generation profile for both JL-TFET and p-i-n SOI-TFET with TID is
illustrated in Fig. 4.16. The following relationship is used to extract the EHP generation

with radiation exposure.

dR =
Gmax = 9o i Y(E) (4-13)

Where, g, is the quantity of EHP produced in a unit volume per unit dose. Radiation
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dosage rate Z—'z (rad/s), Y(E) is the yield function. The values of g, is 7.88 x 102

rad cm™3

, and m = 0.7 (constant value derived from experiment) for y irradiation,
respectively [53]. The mathematical models provided in equations 4.14 and 4.15 for the

calibration of N;; and N,;, which are based on experimental data in our TCAD
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Fig. 4.17: Transfer characteristics of JL-TFET with (a) oxide thickness and (b) substrate
thickness for a radiation dose of 1IMRad at Vpg = 1V

simulator, have also been added. As a result, N;; and N, will change in a more
practically significant way, to extract the behavior of the device with TID.

The best-fitted curve from the extracted data of N;; follows the general expression:
Not = (1 — aot)Gript (4.14)

Ny = (1 — ay)a; DPit (4.15)
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Where, a;; (cm?rad™) and b;, (constant) —fitting coefficients, as calculated in [52],
Gr;p — total EHP generation rate due to y radiation, D—total absorbed dose (rad).

The modulation of the V;y with the process parameters is shown in Fig 4.17 at
1MRad dose. A suitable method to reduce the radiation-induced changes in Vyy is to
modulate the thickness of the oxide and substrate. This strategy is especially important
for radiation-hardened semiconductor devices, to maintain steady performance even
under extreme radiation environments. The oxide thickness is crucial because it affects
the electric field distribution inside the device.

Similarly, changes in substrate thickness can customize the charge distribution,
providing another way to adjust the radiation resistance of the device. Variations in T,
from 1.5 nm to 2.5 nm result in a significant rise in V;5 from 0.56 to 0.63, Fig. 4.17(a)
demonstrates the influence of T,,on JL-TFET performance. Similar to this, changes in
substrate dimensions between 5 and 10 nm cause a decline in V5 from 0.65 to 0.58
plotted in Fig. 4.17(b). When designing JL-TFETSs for a given application, it is critical
to achieve the ideal dimensions, especially in radiation conditions where accuracy is
critical to the device's dependability and functionality. In addition to being a
technological difficulty, striking the right balance is essential to guaranteeing the
device's reliable operation and ability to withstand difficulties brought on by radiation.

4.8.4 Role of Interface Traps on JL-TFET at High-Temperature
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Fig. 4.18: Gaussian distribution trap in the oxide-semiconductor interface.

In a dielectric material like SiO,, HfO,, and many more oxides, charges may be trapped
in the form of impurities at the interface. The trapped oxide charges arise out of the

defects which are caused due to empty atomic valences at the Si-SiO, interface causing
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charges to get trapped at the interface [58]. In this section, a circumstantial investigation
of the role of trap type, trap density concentration, trap energy levels and trap energy
width in affecting the characteristics of JL-TFET with HfO,, high—k gate dielectric is

presented.
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Fig. 4.19: Trap transfer characteristics curve for drain current versus gate-to-source voltage for
different peak density concentrations for different temperatures (a) acceptor-like traps, (b)
donor-like traps.

In this analysis, the Gaussian trap distribution is selected as it closely follows
experimental evidence as compared to uniform and exponential distributions [59],

defined mathematically as [42]

_(E—Eo)2>

Deqy = Noe( 2E% (4.16)

where, N, is the peak density concentration, E is the variable energy, E, is the position
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of energy corresponding to peak density concentration, and Es defines the width of the

Gaussian distribution such that if E = v/2 E then the concentration of the traps is 1/e

of the peak density concentration, N,. Two types of traps are taken into consideration,

namely, acceptor-like traps, and donor-like traps. The former type of trap is considered

in the upper half of the energy bandgap, while the latter is considered in the lower half

of the energy bandgap. We have assumed that the localized interface trap charges are

located at Si/HfO, interface where the capture cross section o, (g, =

op) is 10 cm™.

Fig. 4.19 shows the transfer characteristics concerning traps for the increase in

temperature, where two interface trap density concentration is taken into consideration
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Fig. 4.20: Trap transfer characteristics curve for drain current versus gate-to-source voltage for
different variations in Gaussian peak location for different temperatures (a) acceptor-like

traps, (b) donor-like traps.
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Fig. 4.21: Trap transfer characteristics curve for drain current versus gate-to-source voltage for
various standard deviations on Gaussian-like traps for different temperatures (a) acceptor-like
traps, (b) donor-like traps.

having maximum trap density concentration N, = 103 ¢m™2 and minimum trap
density concentration of N, = 10'° cm™2 for both acceptor-like traps and donor-like
traps. The ON-State current and OFF-State current increase as the forbidden gap of the
silicon decreases with an increase in temperature [22]. The more the trap concentration,
the more the trapping of carriers, and the lower the current for acceptor—like traps. If the
dissimilarity of the characteristics among acceptor-like traps and donor-like traps is
observed, acceptor-like traps are found to affect the ON-state of the device as opposed
to donor-like traps which affect the ambipolar state of the device [24]. However, the fact
that both are similar in dominance in the OFF-state is observable from the
characteristics.
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4.8.5 Effect of Traps Due to Variation in Gaussian Peak Location

The peak position of the Gaussian distribution of traps has great significance in the
current characteristics of JL-TFET. The results of these variations for both acceptor-
like traps and donor-like traps from deep to shallow levels are shown in Fig. 4.20(a) and
4.20(b), respectively. We assume that the peak density concentration of interface traps
such as donor-like traps and acceptor-like traps type is 1013 cm~2 where the energy
distributions are located between E; + 0.3 eV and E; — 0.3 eV considering E; as the
reference level for an increase in temperature from 300 K to 500 K. Out of them, the
peak position in the deep level at zero gate voltage has the maximum OFF-state current
which decreases as we move to the shallow trap levels, whereas the ON-state current
remains nearly same for all [60].

4.8.6 Effect of standard deviation on Gaussian-like traps
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Fig. 4.22: Interface trap density as a function of energy for different standard deviations of the
Gaussian distribution at T = 300 K, 500 K.

Fig. 4.21 represents the transfer characteristics due to variation of the standard deviation
of Gaussian widths from 0.1 eV to 0.4 eV for temperatures ranging from 300 K to 500
K. Fig. 4.22 shows the Gaussian distributions for different Es for the two temperatures.
The widening of the Gaussian distribution with an increase in Es shows a high
distribution of interface trap density over the energy bandgap. As a result, more carriers
have the probability to get trapped, and hence, the current changes. On the other hand,
due to the impact of temperature, the energy bandgap for T = 500 K is lower than that

for T = 300 K due to temperature-dependent bandgap shrinking. In the case of donor-
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like traps, a dominant effect is observed in its ambipolar state as pointed out in Fig.
4.19(b), and in case of acceptor-like traps, a dominant effect is observed in its ON-state

as pointed out in Fig. 4.19(a).
4.9 Summary

This article describes the study of temperature analyses for a JL-TFET on analog
design parameters at higher temperatures and reported a descriptive investigation into
the device performance using calibrated TCAD simulations and compared the results
with a p-i-n SOI-TFET. An effort was also to improve the ambipolar performance of a
JL-TFET. This work explores the HCI, TID, NBTI and process induced device
reliability of JL-TFET.

JL-TFET is lesser degraded with HCI due to junctionless nature. Gate current
creates traps near the drain, altering transistor behavior significantly with T for a
transistor. Interestingly, 1_G changes negligibly with T in a JL-TFET, and therefore
formation of traps are also lesser. Vi, drop from 0.54 V to 0.44 V at a dose of 50 Mrad,
which is consistent with p-i-n SOI-TFET performance. The V4 increases significantly
from 0.56V to 0.63V when the oxide thickness changes from 1.5 nm to 2.5 nm,
indicating how sensitive JL-TFET performance is to oxide dimensions. On the other
hand, the V., decreases from 0.65 to 0.58 when the substrate's dimensions are changed
from 5 nm to 10 nm, highlighting the crucial significance that substrate characteristics
play. The dimensions are changed from 5 nm to 10 nm, highlighting the crucial
significance that substrate characteristics play. The generation of trapped charges in the
gate dielectric, which modifies the electric field distribution, is the main reason for the
Vry reduction in JLTFETSs produced by radiation dosage. This causes a shift in the Vi y
due to increased gate leakage current and less channel control. Furthermore, by
changing carrier mobility and density, radiation-induced flaws in the semiconductor
material can also contribute to V;, degradation. A time-dependent charge release from
pre-existing traps in the dielectric bulk is revealed by exploring trapping-induced bias
temperature instability (BTI). These thorough numerical results highlight the complex
interactions between HCI, radiation, and NBTI that affect JL-TFET characteristics.
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The effects of interface traps on the device performance are also investigated. The

significant conclusions are listed below:

e As the temperature increases, the ON-state current (I,y) for both JL-TFET and p-
i-n SOI-TFET increases, unlike an inversion mode MOSFET, where I, degrades
with temperature.

e JL-TFET has a better Iy/Iopr ratio compared to a p-i-n SOI-TFET till T=400K,
after which p-i-n SOI-TFET outperforms in temperature behaviour.

e JL-TFET outperforms in terms of better SS resulting in better quick switching to
high T.

e Because of its better Iorr and hence scalability; JL-TFET is a better fit for low-
power applications such as memory devices. In addition, JL-TFET has fewer
fabrication steps, and therefore, is cost-effective, compared to a p-i-n SOI-TFET.

e p-i-n SOI-TFETs offer better cut-off frequency (f;) and better gain bandwidth
product (GWP) till higher temperature making the device suitable for high-speed
analog applications.

e Dual material technology helps in controlling ambipolar performance in a JL-
TFET.

e Acceptor-like traps dominantly affect the transfer characteristics in the ON-state
region again donor-like traps dominantly affect the ambipolar state region where
the observation is done accordingly the closer the peak trap density value to the

mid bandgap region, the traps get degraded more.

4.10 Sample Sentaurus TCAD Code for JL-TFET
SDE code:

(sde:set-process-up-direction 0)
(define Lg @Lg@) ; Lenth of Channe
(define Ld 20e-3) ; Lenth of Drain
(define Ls 25e-3); Lenth of Source

(define x1 Ls)
(define x2 (+ x1 Lg))
(define x3 (+ x2 Ld))
(define Spacer 5e-3)

(define Wec @Wc@); Width of channel
(define Tox 2e-3);  Oxide thickness
(define M 5e-3); Metal thicknes
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(define y0 (+ Tox M))
(define y1 (+ Wc Tox))
(define y2 (+ y1 M))

(define C_Doping @Doping@)

(sdegeo:create-rectangle (position 0 0 0) (position x1 (* Wc -1) 0) "Silicon"
"Source_R")

(sdegeo:create-rectangle (position x1 0 0) (position x2 (* Wc -1) 0) "Silicon"
"Channel_R")

(sdegeo:create-rectangle (position x2 0 0) (position x3 (* Wc -1) 0) "Silicon"
"Drain_R")

(sdegeo:set-default-boolean "BAB")

(sdegeo:create-rectangle (position 0 Tox 0) (position (- x1 Spacer) (* y1 -1) 0) "HfO2"
"P_Gate_Oxide™)

(sdegeo:create-rectangle (position 0 y0 0) (position (- x1 Spacer) (* y2 -1) 0) "Metal"
"P_Gate_Contact™)

(sdegeo:create-rectangle (position x1 Tox 0) (position x2 (* yl1 -1) 0) "HfO2"
"C_Gate_Oxide™)

(sdegeo:create-rectangle (position x1 y0 0) (position x2 (* y2 -1) 0) "GatePolySilicon™
"C_Gate_Contact")

(sdegeo:create-rectangle (position 0 y0 0) (position x3 (* y2 -1) 0) "SiO2"
"Spacer_Region")

(sdegeo:define-contact-set "C-Gate" 4 (color:rgb 1 0 1) "##")
(sdegeo:define-contact-set "P-Gate" 4 (color:rgh 1 1 0) "##")
(sdegeo:define-contact-set "Source™ 4 (color:rgb 0 1 0) "##")
(sdegeo:define-contact-set "Drain™ 4 (color:rgb 1 0 0) "##")

(sdegeo:define-2d-contact (list (car (find-edge-id (position 0 (* (/ Wc 2) -1) 0))))
"Source™)

(sdegeo:define-2d-contact (list (car (find-edge-id (position x3 (* (/ Wc 2) -1) 0))))
"Drain™)

(sdegeo:define-2d-contact (list (car (find-edge-id (position (/ (- Ls Spacer) 2) (* y2 -1)
0)))) "P-Gate™)

(sdegeo:define-2d-contact (list (car (find-edge-id (position (/ (- Ls Spacer) 2) y0 0))))
"P-Gate")

(sdegeo:define-2d-contact (list (car (find-edge-id (position (+ x1 (/ Lg 2)) (* y2 -1) 0))))
"C-Gate")

(sdegeo:define-2d-contact (list (car (find-edge-id (position (+ x1 (/ Lg 2)) y0 0)))) "C-
Gate")

(sdedr:define-constant-profile  "Junctioless-n_Doped" "ArsenicActiveConcentration™
C_Doping)
(sdedr:define-constant-profile-material ~ "Substrate_Doping™  "Junctioless-n_Doped"
"Silicon™)
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(sdedr:define-refinement-size "Silicon_Substrate” 0.002 0.001 0.001 0.0005)
(sdedr:define-refinement-placement”RefinementPlacement_Si_Sub"
"Silicon_Substrate" (list "material” "Silicon™ ) )

(sde:build-mesh "snmesh" "-a -c boxmethod" "n@node@_msh")

SDEVICE code:

File {
* input files:
Grid= "@tdr@"

Doping="@tdr@"
Parameter="@parameter@"
* output files:
Plot= "@tdrdat@"
Current="@plot@"
Output="@log@"

}

Electrode{
{Name="C-Gate" voltage=0}
{Name="P-Gate" voltage=0}
{Name="Source" voltage=0}
{Name="Drain" voltage=1}

by

Physics

{
Temperature = @Temp@
Fermi
EffectivelntrinsicDensity(BandGapNarrowing (oldSlotboom))
Mobility ( DopingDependance )
Recombination( SRH(DopingDependence TempDependence)
Band2Band (Model= NonlocalPath)
eBarrierTunneling(Band2Band TwoBand Transmission)
hBarrierTunneling(Band2Band TwoBand Transmission))

¥

Physics (Material = "Metal")
{

}
Physics (Material = "GatePolySilicon")
{

¥

Plot{
eDensity hDensity

MetalWorkfunction ( Workfunction=5.9)

MetalWorkfunction ( Workfunction= 4.25)
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TotalCurrent/Vector eCurrent/Vector hCurrent/\Vector

eMobility hMobility
eVelocity hVelocity
Potential SpaceCharge
Electrostaticpotential
ElectricField/Vector

Doping DonorConcentration AcceptorConcentration

SRH
Band2Band
Auger

AvalancheGeneration eAvalancheGeneration hAvalancheGeneration

BandGap

EffectiveBandGap
BandGapNarrowing

Affinity

ConductionBand ValenceBand

ks

Math {
RelErrControl
Digits=7
ErRef(electron)=1.e10
ErRef(hole)=1.e10
Notdamped=650
Iterations=500
DirectCurrent

Method =ILS
-CheckUndefinedModels
¥
Math(RegionlInterface = "Source_R/Channel_R")
{
NonLocal(Length = 1.8e-6 Permeable Permeation = 2e-6)
}
Math(RegionlInterface = "Drain_R/Channel_R")
{
NonLocal(Length = 1.8e-6 Permeable Permeation = 2e-6)
}
Solve {

*-- Buildup of initial solution:
*NewCurrentFile=""
Coupled(Iterations=700){ Poisson }
Coupled{ Poisson Electron Hole }
Quasistationary(

MinStep=1e-30 MaxStep=0.01

Goal{ Name="C-Gate" Voltage=1}

){ Coupled{ Poisson Electron Hole }
i
}

131



Chapter 4: Reliability of JL-TFET in Harsh Environment

Parameter File:

#define ParFileDir .
Material="HfO2" {
#includeext "ParFileDir/HfO2.par"
}
Material="GatePolySilicon" {
#includeext "ParFileDir/GatePolySilicon.par”
}
Material="Metal" {
#includeext "ParFileDir/Metal.par"
}
Material="PolySilicon" {
#includeext "ParFileDir/PolySilicon.par"
}
Material="Si02" {
#includeext "ParFileDir/SiO2.par"
}
Material="Silicon" {
#includeext "ParFileDir/Silicon.par"
BarrierTunneling

{
g =21, 066 #][1]
mt =0.1, 011 #[1]
alpha=0.00,0.00 #[1]
}
Band2BandTunneling
{
Apathl = 2.6e+06 # [1/cm”3/sec]
Bpathl = 4.2e+06 # [Vicm]
Dpathl =-0.45 # [eV]
Ppathl =0.037 #[eV]
Rpathl =0 #[1]
MaxTunnelLength = 1.8e-06 #[cm]
}
}
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