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Abstract—We have proposed and investigated a super steep sub-
threshold slope transistor by introducing negative capacitance of a
ferroelectric HfO, gate insulator to a vertical tunnel FET for en-
ergy efficient computing. The channel structure and gate insulator
are systematically designed to maximize the I,, /I, ratio. The
simulation study reveals that the electric field at the tunnel junc-
tion can be effectively enhanced by potential amplification due to
the negative capacitance. The enhanced electric field increases the
band-to-band tunneling rate and I,,,, /I,& ratio, which results in
10x higher energy efficiency than in tunnel FET.

Index Terms—Energy-efficiency, ferroelectric, negative capaci-
tance, steep slope transistor, tunnel FET.

1. INTRODUCTION

PART from the need of high performance CMOS technol-
A ogy, new high-volume and large-variety of Internet-of-
Things (IoT) applications demand low-cost and ultralow-power
CMOS technology. IoT devices are expected to operate in the
environment without power supply or battery exchange, and
use energy-harvesters. In such case, the SoC chip in the IoT
device operates at sub-1 W power consumption. Fig. 1 shows
the simple estimation of MCU power consumption [1]— [3]. At
high switching frequency, dynamic switching power is domi-
nated, while, at low switching frequency, static leakage power
is dominated. Suppose IoT devices operate around MHz range,
leakage current already dominates MCU power consumption at
low switching frequency and must be suppressed to operate the
chip at sub-1 W and MHz operation.

In order to achieve ultralow power operation, there have been
extensive studies on steep subthreshold slope transistors, such
as tunnel FET (TFET) [4], [5] and negative capacitance FET
(NCFET) [6], [7]. In general, the subthreshold slope (SS) of
MOS-gate type device is expressed by
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The first term is a transport term which represents how much
current can flow by lowering the potential along the channel.
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Fig. 1. Estimation of power consumption in MCU with | MB SRAM for two
different technologies as function of leakage current per bit.

The second term is a voltage divider term which represents how
efficiently the surface potential W can bend at given gate voltage
V;. In classical MOSFETs, theoretically, the first term is lim-
ited by Boltzmann distribution tail in diffusion transport and the
second term is limited by voltage divider in series connected ca-
pacitor, and thus, the physical limit of SS at room temperature is
60 mV/dec. To overcome this physical limit, TFET improves the
first term by utilizing band-to-band tunneling and energy filter-
ing between source and channel band edges. NCFET improves
the second term by amplifying W, due to negative capacitance
of ferroelectric gate insulator.

So far, each transistor has pros and cons but is independently
studied. For example, tunnel FET suffers from low on-current
and limited range of onset of steep subthreshold slope. Negative
capacitance is mostly effective around/above threshold. These
facts prevent the devices from being a practical solution. How-
ever, the combination of these devices’ functionalities [8], [9]
can provide a solution to realize super steep subthreshold slope
transistor (Fig. 2).

In this paper, we propose and systematically investigate a
novel hybrid device architecture of TFET and NCFET with fer-
roelectric HfO, gate insulator based on TCAD and analytical
simulation. The channel structure and gate dielectric are sys-
tematically designed to optimize the I,, /I 4 ratio. The energy
efficiency of the relevant devices is benchmarked.

II. DEVICE STRUCTURE AND EXPERIMENTS

The basic device structure in this work is a Si planar tunnel
FET with a vertical tunnel junction [5], [10], where the source
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Fig.2. Calculated free energy of ferroelectric capacitor (top) and total energy

of series connection of ferroelectric and normal capacitor. (a) Vg —Vy, = 0.0V,
(b) Vg =V, =0.03V,(c) Vg =V, = 0.05 V.
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Fig. 3. Schematic of simulated NCTFET. In the simulation, thin interfacial
layer and thin field plate layer are inserted for simulation purpose.

is overlapped by the gate and band-to-band tunneling occurs
in vertical direction. Vertical TFETs have benefits in that the
potential modulation at tunnel junction is more efficient than
lateral TFETS and large tunnel current can be obtained through
the overlapped area. Tunnel FET can be simulated by TCAD.
A basic set of physics of tunneling is specified in the command
file, such as dynamic non-local path band-to-band tunneling
(BTBT) model with Kane’s indirect tunneling model parameters
[11]. TCAD is calibrated by fitting the simulated data to the
experimental data [12].

Negative capacitance is available in series connection of a fer-
roelectric and normal capacitor [6]. Such a metal-ferroelectric-
semiconductor (MFS) structure can have a stable state in total
energy with negative curvature in Landau energy of the ferro-
electric as gate bias is applied (Fig. 2). The relationship between
polarization charge density and electric field in ferroelectric film
are analytically described in Landau equation. Given polariza-
tion charge density, electric field across the ferroelectric can be
numerically calculated.

Now by combining tunnel FET and NCFET, a hybrid device
structure is proposed in Fig. 3. The channel structure is adopted
from the vertical TFET, where PIN diode is formed on SOI
substrate. A thin intrinsic Si layer is epitaxially grown on PIN
diode. Then ferroelectric gate insulator and gate material are put
on top of the intrinsic Si layer. We call this type of device as
Negative Capacitance Tunnel FET (NCTFET).
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Fig.4. Simulation flow of the proposed NCTFET with vertical tunneling. The
inset shows the TFET calibration result which refers to the experimental data
of [12].

The benefit of vertical TFET structure for NCTFET is to
be able to obtain large gate-to-substrate capacitance so that
ferroelectric gate capacitance can match to realize steep SS.
Source and drain contacts are formed outside the gate spacer
by etching back the intrinsic Si layer and putting contacts
on p+ /n+ source/drain [10]. Contact resistance is not in-
corporated as source and drain are doped in sufficiently high
level.

The simulation method is shown in the flow chart in Fig. 4.
First a vertical TFET with standard MOS gate is simulated
by TCAD. Potential profile, charge density and drain current
are obtained. Next, Landau-Khalatnikov equation is solved to
determine the electric field across the ferroelectric gate insula-
tor corresponding to the charge density generated in the sub-
strate. Please note that the dynamic term of Landau- Khalat-
nikov equation is not considered in this work. Although the
finite response time of spontaneous polarization is an impor-
tant factor when discussing device operation speed [14], the
coefficient of the dynamic term of ferroelectric HfO, films has
not been experimentally determined in detail yet. Therefore, we
rather focus on static terms in Landau- Khalatnikov equation,
suppose the finite response time can be fast enough for rela-
tively slow application such as IoT device. The charge density
is non-uniform across the substrate and it is therefore integrated
across the substrate and divided by gate length for averaging.
To validate the use of the uniform and single domain ferro-
electric capacitor one-dimensional model for ferroelectric gate
insulator, a very thin interfacial layer and field plate are in-
serted between ferroelectric and substrate [15] for simulation
purpose. But this field plate can be also used to experimen-
tally detect internal potential [16]. The field plate is the same
material as the top electrode and the interfacial layer is high-
k dielectric film which can suppress leakage current. Lastly,
V, is determined by ¥, and voltage across the gate insulator
(Viox).
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Fig. 5. Simulated 14—V, characteristics of TFET varying (a) Nsource,

(b) ti, (¢) Loy, and (d) tox. The inset shows the summary of dependence
on each parameter. I,, and I g are taken at Vgg = 0.5 V and Vg = 0V,
respectively.

III. RESULTS AND DISCUSSIONS

In this section, we first design the channel structure and then
design ferroelectric gate insulator of NCTFET. Then we bench-
mark the energy efficiency of NCTFET with relevant devices.

A. Channel Structure Design

There are a number of device parameters to design chan-
nel structures. Here we focus on the most critical parameters
such as source doping concentration (Ny,yrce), intrinsic layer
thickness (t;), oxide thickness (t,x) and overlap length (L, ),
to design the channel structure with highest I, / I ¢ For sim-
plicity, TFET is simulated by varying the device parameters
above. Nominal parameter values are: Ngyyrce = le21 cm™?,
ti = Snm, L,y = 50 nm, t,x = 0.5 nm. When one parameter
is varied, the other parameters are nominal values. We assume
to integrate NCTFET process to a mature CMOS process tech-
nology and fix the gate length at 100 nm. Vy,, is tuned by gate
workfunction to target I,g = le-13 A/pm. Fig. 5 shows 14—V,
characteristics of vertical TFETSs varying device parameters.

Fig. 5(a) shows the Nyource dependence. Nyoyrce determines
how steep tunnel junction to form at PIN diode. As Ngource
becomes high, the electric field at the tunnel junction becomes
large, so that tunneling current at on-state is enhanced. For real-
istic process implementation, Ny,u,ce = 1€21 cm™ is chosen.

Fig. 5(b) shows the t; dependence. The electric field from
gate and gate dielectric is drawn from the overlapped source
through the intrinsic Si layer. Therefore, thinner t; induces larger
electric field at the tunnel junction and shows higher tunneling
current at on-state. t; = 5 nm is chosen for realistic process
implementation.

Fig. 5(c) shows the L,, dependence. The overlap between
the gate and the source is necessary to realize vertical band-to-
band tunneling. As L, increases, tunneling current at on-state
almost linearly increases. This is because vertical tunneling oc-
curs through the area L, x W, and tunneling current is propor-
tional to L, at fixed W, = 1 um. If L, becomes too close to
gate length, however, source and drain will short. L, = 50 nm
is chosen for moderate performance but to avoid the worst case
of misalignment and process controllability.

Fig. 5(d) shows the t, dependence. Please note that the
gate insulator in this subsection is a nominal dielectric and
not ferroelectric. V, is divided by the gate oxide and substrate
including the tunnel junction. When t,, becomes thin, larger
voltage will drop at the substrate and higher electric field will
be induced at the tunnel junction at given V,. Therefore, as
tox becomes small, tunneling current at on-state increases. In
addition, just like standard MOSFET, SS is steeper at thinner
tox . This indicates that strong gate control is effective to enhance
band-to-band tunneling in vertical TFET. EOT = 0.5 nm is one
of the thinnest EOT ever achieved on standard CMOS high-
k/metal-gate technology [17]. Therefore, in the later subsection,
reference TFET has t,, = EOT = 0.5 nm as the best case, while
NCTEFET has t,x = EOT = 0.5 nm interfacial layer with field
plate on which ferroelectric gate insulator and top metal gate
are formed. In this study, we look at how much gain we can
get by adding ferroelectric stack on the thinnest EOT = 0.5 nm
interfacial layer for NCTFET. This comparison will show us the
benefit of ferroelectric stack in NCTFET, compared to TFET
with just the thinnest EOT gate insulator.

B. Ferroelectric Gate Insulator Design

Based on the channel structure determined in the previous
subsection, for ferroelectric gate insulator part, we determine the
critical material parameters such as remanent polarization (P,),
coercive field (E.) and thickness (t;,s) of a ferroelectric thin
film. Both P, and E. values are tuned within the range which
does not cause significant hysteretic behavior as discussed in
[14]. As a reference design, we simply apply the nominal mate-
rial parameters of P, = 10 uC/cm?® and E, = 1 MV/cm which
are chosen from survey results of experiment data of ferroelec-
tric HfO, thin film [14], [18]. Thickness of ferroelectric gate
insulator is 6 nm which is close to the minimum thickness that
shows ferroelectricity in HfO,. Fig. 6(a) shows the charge den-
sity versus ¥y, Vo, and V,—Vy,. Uy is effectively amplified
by negative V. due to negative capacitance effect. As a re-
sult, Fig. 6(b) shows the I —V, characteristics of this reference
NCTFET and shows steeper SS than just TFET.

It should be noted that the SS becomes steep almost 4 decades
of the current level even in deep subthreshold region, while
NCFET mostly shows steep slope around and above threshold
voltage. This can be explained by charge balance of polarization
charge density of the ferroelectric gate insulator and the space
charge density at the source junction of NCTFET. While po-
larization charge density can balance mostly with the inversion
charge density in NCFET at high V, to induce large negative
oxide voltage, the space charge density at the overlapped source
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can respond to the polarization charge density at low V, sub-
threshold region in NCTFET. This result is consistent with the
ground-plane type NCFET device design [19]. Fig. 7 shows
Iq—V, characteristics of NCTFET varying material parameters
comparing to TFET.

Fig. 7(a) shows the t;,s dependence. Ferroelectric material
has unique P-E characteristics and V,x is determined by the
product of the electric field in the ferroelectric insulator and t;y,5.
Thicker ti, induces larger V,, on ferroelectric gate insulator.
Therefore Wy is more amplified by thicker t;,s and NCTFET
shows steeper slope.

Fig. 7(b) shows the P, dependence at fixed E.. When P,
becomes large, NC becomes large in P-E curve and negative
V,x available at given charge density becomes small. Therefore
smaller P, is preferable to access larger negative V and thus
obtain steeper slope.
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KEY DEVICE PARAMETERS OF THE OPTIMIZED NCTFET
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Fig. 8. Energy efficiency of optimized NCTFET, TFET and SOTB for
(a) logic acitivty and (b) memory activity. The inset of (a) shows the SS of
these three transistors as a function of drain current.

Fig. 7(c) shows the E. dependence at fixed P,. When E.
becomes large, NC becomes small in P-E curve and negative
V,x available at given charge density becomes large. Therefore
larger E. is preferable to access larger negative V,y and thus
obtain steeper slope.

In Fig. 7(b) and (c), we confirm that the strategy to obtain
steeper slope by NC is consistent with the previous device design
guideline of NCFET [14]. Now Fig. 7(d) shows 14—V, charac-
teristics of an optimized NCTFET as well as reference NCTFET
and TFET. By choosing realistic material parameters of ferro-
electric HfO, thin film; P, = 5 uC/cm? and E. = 2 MV/cm, a
super steep slope NCTFET was achieved with higher I, /I 4.

To summarize this subsection, optimum device parameters
are shown in Table 1.

C. Benchmark of Energy Efficiency

In Fig. 7(d), the optimized NCTFET shows higher I,,,, /I ¢ ra-
tio than reference NCTFET and TFET. Especially high I, /T 4
ratio is maintained even at supply voltage (V4q) less than 0.5 V.
This means that NCTFET can realize highly energy-efficient
switching at ultralow V4.

Fig. 8(a) and (b) shows switching energy [20], which is re-
ferred as energy efficiency, of optimized NCTFET, TFET and
conventional MOSFET that is Silicon-on-Thin-Box (SOTB)
MOSFET for logic and memory activity. TCAD is calibrated
for SOTB MOSFET using experimental data [21]. The switch-
ing energy is estimated by

Ex V3, <§+§°H), )
where £ is active time ratio [16]. Standard £ value is chosen
1/800 and 1/10000 for logic and memory activity, respectively.
Drive currents of NCTFET, TFET and SOTB match at Vyq =
0.5 V for fair normalization and comparison. SS of these three
devices is shown in the inset of Fig. 8(a) as a function of drain
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current. For both logic and memory activity, it is demonstrated
that NCTFET has lower energy minimum voltage and has a
potential to significantly improve energy efficiency more than
10 times compared to TFET and SOTB at ultralow Vqq less
than 0.2 V. This is an encouraging result that suggests NCTFET
is a promising candidate for an ultralow power IoT technology.

Though we focus on Si TFET for benchmarking, it is known
that compound semiconductor TFETs can outperform Si TFET
[4]. NC effect is in principle additive performance booster to
any type of channel material. Therefore, improvement of TFET
performance by compound semiconductor can lead to further
performance improvement of NCTFET as well.

IV. SUMMARY

In this work, NCTFET was proposed as a hybrid device struc-
ture of vertical TFET and NCFET with ferroelectric HfO,. Hy-
brid simulation method was also established to design TFET
channel and ferroelectric gate insulator in combination. Based
on the simulation, TFET channel structure and ferroelectric gate
insulator are optimized to achieve the highest band-to-band tun-
neling and largest potential amplification, and thus maximum
Lyu /1,4 ratio of NCTFET. It is demonstrated that NCTFET has a
potential to achieve 10 times higher energy efficiency than TFET
and conventional MOSFET. NCTFET is a promising candidate
for IoT technology platform.
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