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Abstract: This paper reviews the recently-developed class of band-modulation devices, born from the
recent progress in fully-depleted silicon-on-insulator (FD-SOI) and other ultrathin-body technologies,
which have enabled the concept of gate-controlled electrostatic doping. In a lateral PIN diode, two
additional gates can construct a reconfigurable PNPN structure with unrivalled sharp-switching capa-
bility. We describe the implementation, operation, and various applications of these band-modulation
devices. Physical and compact models are presented to explain the output and transfer characteris-
tics in both steady-state and transient modes. Not only can band-modulation devices be used for
quasi-vertical current switching, but they also show promise for compact capacitorless memories,
electrostatic discharge (ESD) protection, sensing, and reconfigurable circuits, while retaining full
compatibility with modern silicon processing and standard room-temperature low-voltage operation.

Keywords: nanoelectronics; SOI; FDSOI; electrostatic doping; band modulation; sharp switching;
ultrathin body; memory; ESD; sensors; reconfigurable device; Esaki diode

1. Introduction

The search for sharp-switching devices compatible with modern complementary
metal-oxide-semiconductor (CMOS) digital technology has been a central preoccupa-
tion of the device physics community for the past two decades. With the continuous
downscaling of CMOS technology, the switching limit of standard CMOS transistors—the
2.3 kT ~ 60 mV of the controlling gate voltage Vg required to reduce the drain current Ip
by a decade below the transistor threshold voltage VT at room temperature—is the ultimate
obstacle to reducing the supply voltage of large-scale high-performance digital circuitry.
This is due to the power consumption issue schematically illustrated in Figure 1. As long
as the 60 mV /decade subthreshold slope (SS) limit remains in force, achieving an accept-
able Ion for switching downstream transistors and wiring parasitics, while maintaining
a sufficiently low Iopr to prevent static power consumption, requires a power supply of
roughly Vpp ~ 0.5 V [1]. Reducing the threshold voltage and Vpp leads to a catastrophic
exponential increase in Iopr. Only a hypothetical sharper-switching device exempt from
the 60 mV /dec constraint could provide a high I*on at a low V*pp, opening the possibility
of many additional generations of low-power downscaled CMOS circuitry.
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Figure 1. A schematic diagram of the tradeoff between power supply voltage Vpp and power con-
sumption. Curve 1 represents an ideal transistor with SS ~ 60 mV/decade of I at room temperature.
Downscaling the threshold voltage is unavoidable for device miniaturization and power reduction,
but this produces curve 2, with an unacceptable Iorr. An ideal sharp-switching device (curve 3)
would provide the same or higher I*on /I*opF ratio when operated at a lower V*pp.

Physically, the 60 mV/decade limit arises from the fundamental Boltzmann carrier dis-
tribution in the source electrode and cannot be overcome in the standard source—gate—drain
transistor structure, where Vg shuts off the source-drain current by creating a potential bar-
rier in the channel [2]. Whereas various second-order effects that led to even worse SS have
been overcome through a sustained research effort into FInFET and fully-depleted SOI (FD-
SOI) device technologies [3], true sharp switching requires a modified Vg-controlled carrier
transport mechanism. While there has been no shortage of alternative device candidates, in
this review we will restrict ourselves to devices with realistic CMOS integration prospects;
even if beyond the current state-of-the-art. We will also limit ourselves to room temper-
ature operation, as cooling standard CMOS to cryogenic temperatures—while certainly
providing sharper switching and possibly interesting for applications, such as quantum
sensing or computing at sub-1 K dilution temperatures [4-6]—does not address the needs
of mainstream digital technology, which is evolving towards portable, miniaturized, and,
ideally, low-power devices.

With these provisos, a number of fascinating sharp-switching devices will fall outside
the scope of this review article. For example, we will not discuss nanoelectromechanical
switches based on voltage-controlled gate positioning or even direct physical contact in a
cantilever geometry; these devices provide truly sharp switching, but appear unlikely to
provide the necessary reliability and immunity to sticking. We will also omit ferroelectric
negative capacitance devices, where the hypothetical Vg amplification by the polarization
in the ferroelectric gate material has not produced experimentally validated sharp switching
together with competitively fast operation. The interested reader is referred to other, more
complete, sharp-switching device reviews [7]. Instead we will focus on a recently developed
class of band modulation devices, where reconfigurable gate-controlled electrostatic doping,
combined with multiple gate geometries developed in an industrially-validated FD-SOI
process, allow for ultra-sharp switching via a feedback mechanism. These devices have
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potential applications as logic switches, memories, electrostatic discharge (ESD) protection,
and sensing devices; without introducing nonstandard materials, nonstandard processing
steps, or cryogenic temperature operation. Furthermore, their reconfigurability enables
implementing other popular sharp-switching devices, such as tunneling transistors (TFETs)
and impact ionization (I-MOS) transistors, again without abandoning the FD-SOI process.

1.1. Electrostatic Doping for Reconfigurable Devices

Band-modulation devices are virtual PNPN structures with electrostatic doping in-
duced by gate action (Figure 2). Electrostatic doping is a unique asset of modern devices
with an ultrathin body layer [8-11]. A gate voltage attracts free carriers that spread in the
entire body, rather than being confined at the semiconductor—dielectric interface, as in bulk-
silicon systems. This effect, known as ‘volume inversion” or ‘volume accumulation” [3],
gives rise to populations of electrons (for Vg > 0) or holes (for Vg < 0) that behave, in many
respects, as those created by conventional physical doping. The tremendous advantage is
that the polarity and concentration of such electrostatic doping is adjustable on demand
by the gate voltage. The opportunity to emulate P-N junctions in ultrathin fully-depleted
semiconductor layers represents a paradigm shift in the design of reconfigurable and
multifunctional circuits [11,12].

Ve > 0 Vg1 <0 Ve >0
— I S
— —
Vee <0
(a) (b)

Figure 2. Configuration of band-modulation devices: (a) Z?>-FET fabricated on FD-SOI and
(b) field-effect diode implementable in nanowires and FinFETs.

Consider the FD-SOI device in Figure 2a that combines electrostatic and physical
doping. The end contacts, N* cathode and P* anode, are formed by ion implantation
or in situ doping. The undoped body is controlled by a partial front gate (Vi) and by
the ground-plane acting as a back gate (Vpg). Each gate can induce P*-type or N*-type
electrostatic doping or just leave the gated and ungated regions fully depleted (I). The
concentration of electrostatically-induced carriers declines from the voltage-controlled
interface to the opposite interface. The thinner the body, the more homogeneous the
vertical profile of the effective doping.

According to the polarities of the two regions, there are nine possible combinations
of the electrostatically-doped body segments, corresponding to P-N diodes, PIN diodes,
IMOS, TFET, and PNPN band-modulation transistors. This single structure, which is able
to impersonate nine different devices, has received the name ‘hocus-pocus diode’ [12], in
order to emphasize the magic of electrostatic doping.

Unlike FD-SOI devices, FinFETs, nanowires, and nanosheets do not enjoy the advan-
tages of a built-in back gate. Nonetheless, the hocus-pocus diode can still be implemented
using two adjacent front gates (or surrounding gates), as shown in Figure 2b. In this review,
we will mostly focus on the Z>~FET variant of Figure 2a, which offers a perfectly sharp
junction at the gate edge [13,14].

1.2. Principle of Band-Modulation

Although the lateral PNPN structure looks like a floating-body thyristor, its operating
principle is different, as it relies on band-modulation effects, rather than impact ionization
(Section 3). The device is biased in forward mode with V > 0. The electrostatic doping
builds up three P-N junctions along the body; their energy barriers prevent the injection of
holes from the anode and of electrons from the cathode into the body. The device stays in
blocked mode, until the gate or anode voltage becomes large enough to collapse the barriers
and let a large cathode-anode current flow. Corresponding band diagrams and a detailed
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description are given in Section 3.1. The switching characteristics are extremely sharp and
inspired the name Z2-FET, for Zerosubthreshold swing and Zero impact ionization [13].
The earlier variant with two top gates, as in Figure 2b, was named a field-effect diode
(FED) [15,16].

1.3. Device Variants

The architecture of the Z>~FET can be further enriched in several ways.

Dual ground-planes (Figure 3a): The ground-plane (GP-P) located underneath the
ungated portion of the body is negatively biased and generates the necessary P* electrostatic
doping. The sister ground-plane, located beneath the gated region, is positively biased and
assists the front gate in forming a strong energy barrier [17]. This architecture eliminates
the inconvenience of a single ground plane, which tends to counteract the front-gate action
(Figure 2a).

Veep<0 W=0 Vic>0 Vao>0 Vgen>0
K A

Veep<0 W=0 Va>0 Vgen>0
K A
(c)
pt Nt pt N+

Figure 3. Z?-FET variants fabricated with FD-SOI technology: (a) dual ground-plane, (b) partially
doped, and (c) gateless Z3-FET.

Physically-doped ungated section (Figure 3b): The idea here is to eliminate the back-gate
action. Boron implantation replaces the P* electrostatic doping, without affecting the
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sharpness of the device characteristics [18]. This solution is well suited to FInFETs and
nanowires, although it does sacrifice some of the reconfigurability.

Z3-FET (Figure 3c): This Zero top-gate variant has the partitioning of the body doping
controlled by the twin ground-planes [19]. The omission of the gate stack enables operation
at higher voltage, without dielectric reliability issues. Furthermore, the free surface can be
used for superior detection of light, biochemical species, or radiation.

1.4. Implementation in FD-SOI Technology

Band modulation devices have been designed and fabricated in 14 nm [20] and
28 nm [21] FD-SOI technologies. Both advanced nodes feature promising characteristics,
with a slightly different process flow. For instance, in 28 nm FDSOI, the fabrication of a
Z2-FET structure (Figure 4a) starts by delimiting the device surface using STI isolation. A
25-nm-thick BOX separates the undoped ultrathin silicon film (ts; = 7 nm with ~10' cm 3
doping concentration) from a highly P-type doped ground plane (~10'® cm~3), which
prevents the deep depletion of the substrate and acts as a back-gate. In order to access
the GP and control the well potential, the BOX is locally etched. The undoped Si film of
the Z2-FET is partially covered by a single high-k/metal front-gate with a capacitance
equivalent thickness (CET) of 3.7 nm, whereas the rest of the channel is ungated. Thinner
dielectrics, down to CET = 1.1 nm, have been successfully tested at lower gate voltages.
The gate stack formation starts with a thermally grown oxide interface (S5iO,), ensuring
a good interface quality, clean of fixed charges. The interface SiO, layer (IL) is covered
by a high-k hafnium dioxide layer (HfO,, 18 < k < 20), improving the current drive and
reducing the gate leakage. It is connected via a mid-gap metal layer (TiN or AITiN) to a
low-resistance poly-Si electrode followed by gate patterning and offset spacer formation.

After completion of the second spacer, the anode and the cathode are implanted with
boron and phosphorus (102 cm~3), respectively. An epitaxial layer (tepi = 15 nm) is grown
on the whole structure, to reduce series resistance. A final step, before contact formation,
consists in covering the ungated region with an oxide layer (RPO), preventing silicidation.

Unlike the 28 nm process, in 14 nm FD-SOI technology, the silicon film and the BOX
are reduced down to 6 nm and 20 nm, respectively (Figure 4b). The CET of the high-
k/metal gate is reduced to 3.4 nm and, for low-voltage operation, to ~1 nm. A dual in
situ doped (5i:CP/SiGeB) epitaxy exclusively covers the source and drain areas. Moreover,
the anode and cathode contacts (sometimes called source and drain) take the form of
trenches, permitting integration with a higher density of local interconnections between
devices, without resorting to the first metal level. In order to study the impact of silicon
film thickness, a variant with a thicker body was also fabricated (ts; = 12 nm, Figure 4c).
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Figure 4. Cross-section views of Z>~FETs fabricated with FD-SOI technologies: (a) 28 nm node,
(b) thin 14 nm node, and (c) thick 14 nm node.

2. Basic Characteristics
2.1. Operation in DC Mode

The band-modulation effect gives rise to a sharp transition, from low to high cur-
rent, in both output In\—V 4 and transfer Is—Vpg characteristics. The Ion/Iopr ratio can
exceed 8 decades. Figure 5a reproduces the typical hysteresis in In—V 4 curves recorded
by sweeping the anode voltage. The hysteresis results from an S-shaped characteristic
that can be measured by setting the anode current with a current source (Figure 5b). For
low V,, the barriers induced by the gates keep the Z>~FET in the OFF state. When V
reaches a turn-on value Voy, the positive feedback mechanism makes the injection barriers
collapse, and the current abruptly attains the normal Ion value of a forward-biased PIN
diode (ON state) [22]. The switching mechanism is related to the change in the minority
carrier concentrations (holes in the gated N-region and electrons in the ungated P-region).
In the hysteresis window, two different currents are measurable for the same value of V4;
they can be viewed as states ‘1" and ‘0’ in a static memory (1T-SRAM) or in a dynamic
memory (1T-DRAM), as discussed in Sections 5.1 and 5.2.
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Figure 5. Experimental sharp-switching characteristics of various Z?>~FETs in quasi-steady-state
operation. Output I—V curves for different gate voltages, measured by (a) scanning the anode
voltage and (b) forcing the anode current. (c) Transfer In—Vgg curves for various anode voltages V4.

In Figure 5a, the hysteresis window and the turn-on voltage are enhanced by reinforc-
ing the barrier heights, especially via Vg pG. For a reverse Vo sweep, the device remains
in the Ion state until the point (VA ~ 0.7 V) where it turns off. Two equilibrium states,
‘0" and ‘1’, are shown in Figure 5a. The hysteresis can be achieved with VA and Vg of
around 1V, making the Z2-FET a promising device for low-power circuits and embedded
memory. Regarding the transfer I5—Vyg characteristics, the threshold voltage is tunable by
the anode voltage and/or device dimensions.

Unlike the ultrathin FD-SOI transistors [23], the Z2-FET is free of supercoupling [24]
and operates successfully, even in sub-10 nm thin films. Supercoupling is ineffective in
Z?-FETs because the populations of electrons and holes are separated laterally (in the gated
and ungated regions respectively), rather than vertically, as in ultrathin FD-SOI MOSFETs.

2.2. Transient Operation

In a transient or pulsed mode of operation, the concentrations of electrons and holes
do not reach the equilibrium values and the Io—V 4 characteristics differ from the behavior
shown in DC operation. Consider the case where the gate is pulsed from 0 V to a positive
voltage: electrons are expected to fill the gated region, but they are not readily available.
Since electrons cannot be supplied promptly through the generation process, junctions,
and gate leakage, the body potential is forced out of equilibrium, like in the deep-depletion
regime of a MOS capacitor [2]. It follows that the energy barrier opposing the injection
of holes from the anode is temporarily taller than in DC mode, hence the effective turn-
on voltage Vo increases. The shorter the gate pulse, the higher the Von. The same
mechanism raises the electron injection barrier at the cathode after pulsing the back gate.
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A positive pulse on the anode is expected to attenuate the electron concentration
underneath the gate. However, the change in concentration takes place in the electron re-
combination time scale. While carrier generation dominates the Iopr region, recombination
governs the turn-on and high-current regions.

The carrier lifetime is of uppermost importance in the formation of the electrostatic
barriers needed for sharp-switching. Parihar et al. demonstrated the critical role that the
carrier lifetime plays in the transient operation of Z2-FETs [25]. TCAD simulations of their
transient behavior were performed with different values of carrier lifetime. Figure 6a,b
reproduce the Io—Va characteristics for two cases (1 ns and 0.1 ns), as V4 is pulsed from
0 to 2 V with rise times ranging from 100 ns to 50 s (DC mode).

10-1F VFG =+1.2V (a) 101+ VFG =+1.2V (b)
=10-9 =10-10
T [Vee=-1V  Tm=10%S 495 T [Vee=-1V  T=10TS 1905
3 I 1us 3 1us
< 105 < 105}
< 3 100 us < i i 100 s
£ d 10 ms £ 10 ms
[ (]
= 109 50s = 109 /- Shiftof 50s
5 [ = /I
) » | Shift of 7] . transient Voy
e ﬁ‘ transient Voy 8
e 1013 ] 10131 Steady-state Voy
< L Steady-state Voy < L
-17 1 1 1 1 1 1 -17 1 1 1 1 1 1
e 0 0.6 1.2 1.8 . 0 0.6 1.2 1.8
Anode voltage Va (V) Anode voltage Va (V)

Figure 6. 1o~V o characteristics of Z2-FET for different ramp times (100 ns to 50 s) of anode voltage,
from zero to 2 V. The carrier lifetime is (a) T = 1072 s and (b) 1010 s. The two wells were filled with
carriers by gate pulses before ramping V5 (adapted from [25]).

Faster rise times have two remarkable effects: the Vo increases, widening the hys-
teresis window, but the leakage current in the Iopr state increases as well. The latter is not
an intrinsic consequence of band modulation, but rather is due to the displacement current
that depends on the device capacitance and increases proportionately with the voltage
ramp rate, as seen in Figure 6.

A very fast rise time does not allow the readjustment of the carrier concentration: the
electrostatic barriers remain tall and block the current conduction more effectively. The
change in Vpon depends upon the carrier lifetime, for example a longer lifetime leads to
more pronounced transient effects (Figure 6a). If the lifetime is short, the carrier generation
by Shockley—Read-Hall mechanisms is faster. Hence, for a 0.1 ns lifetime, the steady-state
Von is achieved with a 100 ps ramp, and the shift between the transient and steady state
Von values is 130 mV (Figure 6b). On the other hand, this shift in Vo is 300 mV for a 1 ns
lifetime and the device recovers the steady state Von with a longer ramp time of ~10 ms
(Figure 6a).

3. Operating Principles and Models
3.1. Band-Modulation Mechanism

The current-voltage characteristics of all band-modulation devices originate from the
particular profile of the energy bands between the cathode and anode. At equilibrium
(Va =0, Figure 7a), the bands undulate along the body. The height of the energy barriers
at the anode and cathode is set by the front- and back-gate voltages, respectively. This is
what the designation ‘band-modulation” is meant to capture.
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Figure 7. Typical profiles of the energy bands along the body as the anode voltage increases:
(a) equilibrium at V4 =0, (b) blocked Iopr state with 0 < Vo < Vo, and (c) Ion state with V4 > Von.
The band diagram also depends on the depth within the body, being a little different at the front and
back interfaces.

A positive V5 forward-biases both the P*—N* junction at the anode and the N*—P*
junction at the cathode. It is the P*-N* electrostatic junction in-between that is reverse-
biased and blocks the current flow. Any further increase in V4 is absorbed by this junction;
the energy barriers remain tall and prevent the release of electrons and holes from their
reservoirs (Figure 7b). This process continues until, eventually, the maximum voltage
sustainable by the central junction is reached. At this point, a small increase in V (or a
decrease in Vig) reduces marginally the anode energy barrier (=Vgg — Va), enabling a
few holes to fly from the anode to the cathode. Since the positive charge of holes lowers
the electron injection barrier at the cathode slightly, some electrons can escape and move to
the anode. Their negative charge further erodes the injection barrier for holes. A higher
hole current increases the electron current and vice versa. This positive feedback process
triggers the abrupt collapse of the two injection barriers and the flattening of the energy
bands (Figure 7c); the device turns on suddenly for VA = Vo, and the current increases by
many orders of magnitude [26].

In the Iy state, the high density of electron-hole plasma screens the gate-induced
electric field and keeps the barriers flat. The Z>~FET behaves as a regular PIN diode, where
the current increases with anode voltage, first exponentially and eventually reaching a
quadratic dependence Ip~V A2 (due to the double injection mechanism). The Ion current is
largely independent of the voltage applied to the gate or to the ground-plane. The device
cannot be turned off until the anode voltage becomes too low (Vo = Vopr < Von) for
sustaining the electron-hole plasma within the body. At that point, the energy barriers are
rebuilt and the current falls sharply to zero.

The positive feedback effect is reminiscent of a thyristor. Nevertheless, the band-
modulation devices are fundamentally different: (i) the doping is virtual, (ii) impact ioniza-
tion does not play any role, (iii) the energy barriers are gate-controlled, and (iv) operation
requires lower voltage (=1 V) than a thyristor, leading to improved temperature stability.

In a Z2-FET, the front-gate voltage Vg controls the hole injection barrier height, the
turn-on voltage Von and the hysteresis window (Von—Vogr). If the Vg is too low and
unable to build a strong energy barrier at the anode, the device acts like a PIN diode with
Von =~ 0.3 V, much smaller than the typical turn-on voltage of a silicon diode (0.8 V). Once
the band modulation mechanism is restored, the turn-on voltage increases linearly with
the gate voltage: Von/Vrg = 0.8 (see Figure 5a).

As for the back gate, it controls the electron-injection barrier at the cathode, which
is instrumental when the hole barrier is moderately high or the ungated region is short.
Figure 8 shows a typical Z>~FET, which fails to operate correctly with Vpg = 0. A modest
negative voltage (Vpg = —1 V) increases Vop, recovering the sharp switching capability
and low leakage [27]. With the ground-plane extending underneath the gated region
(Figure 2a), a stronger negative voltage (Vpg = —2 V) is actually counterproductive, as
it tends to lower the hole injection barrier set by the front-gate and reduce Von. This
inconvenience can be eliminated with twin ground-planes (Figure 3a).
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Figure 8. Output characteristics of a Z?~FET for variable voltage applied to the ground plane.
VrG = 1.5V, other parameters as in Figure 4 (adapted from [27]).

This schematic description underlines the feedback between energy barriers and car-
rier injection, but does not capture the full complexity of the band-modulation mechanisms
in a Z2-FET. In the physics-based model derived by Taur et al. [28], the key consideration
is the current continuity at each of the three P-N junctions: at the cathode, at the anode,
and in the center of the body. The model accounts for generation-recombination (GR) and
diffusion currents for electrons and holes, whereas MOS equations define the concentra-
tions of electrons N* and holes P* (electrostatic doping) in the gated and ungated regions,
respectively. The rapid variation of the quasi-Fermi levels with bias is fully captured. Five
equations are sufficient to reproduce the S-shape and hysteresis of DC characteristics. The
computed curve matches the experiment of Figure 5.

In the following, we focus on a compact model, suitable for circuit design.

3.2. Regions of Operation

Five regions, indicated by capital letters in Figure 9, can be identified in Z2-FET
steady-state operation (Figure 9):

101
PIN diode

-

o
o
I

Negative
resistance

Barriers

Anode current |5 (A/pum)
o

1013 OFF-Region collapsing
0 A
17,@ization 3§ Vorr AL
10- ) | . | \ ] .
0 0 0.5 1 1.5 2
Anode voltage Va (V)

Figure 9. S-shaped output characteristic Is.-V o computed with Taur’s physical model [28] and
Martinie’s compact model [29]. The capitals separate the five regimes in steady-state operation.
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Point O: ‘Initialization”: The front gate and back gate are biased to produce the NPNP
electrostatic structure, by transforming the PIN diode into a virtual thyristor (Figure 10a).
The potential profiles are governed by the two MOS capacitors, respectively formed by
(i) the gate and the overlapped body, and (ii) the back gate, the BOX, and the underlapped
body (see Figure 11a).

1.5

Va=0V

Potential (V)
Potential (V)

Initialization . . (a) OFF Regime=OR . (b)
-0.35 -0.25 -0.15 -0.05 0.05 0.15 -0.35 -0.25 -0.15 -0.05 0.05 0.15
Position (um) Position (um)

15
VF(;=+2V
VBG=-2V

s s
= = 0.5
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Figure 10. Electrostatic potential profiles from cathode (source) to anode (drain) during each DC
operating regime: (a) initialization, (b) Iogr region, (c) barrier collapse, and (d) negative differential
resistance. TCAD simulations adapted from [29].
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Figure 11. (a) Definition of the Z?>-FET electrical parameters and equivalent capacitor circuit.
(b) Electrostatic potential in gated and ungated regions vs. anode voltage in the OFF and barrier-
collapsing (BC) regimes; the results derived from the model and TCAD are in good agreement
(adapted from [29]).

From O to A: "OFF region”: The device is in the Iopp state. The voltage drop on the
anode and cathode junctions is negligible. Increasing V 5 results in stronger reverse-biasing
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of the center junction, where the GR current is very low. As the effective gate bias (Vrg-Va)
decreases, the N* electron concentration tends to fall. The drain voltage increase produces
a potential rise in the gated region (Figure 10b). The Z2-FET current is simply the leakage
current of the unbiased P-N junctions.

From A to B: “Barrier collapse”: As soon as the reverse bias on the central junction reaches
a maximum, the anode and cathode junctions become forward biased. Injected holes flow
towards the cathode and recombine with the electrons from the cathode. The hole diffusion
current dominates, which is reflected by the slope AV 5 /Als =~ 60 mV /decade. The holes
gradually accumulate in the gated region, and the electrons in the ungated region. The
potential in the gated region reaches the maximum. The increase in anode voltage makes
the potential in the ungated region less negative, leading to a lowering of the potential
barrier between the gated and ungated regions. The central junction is less and less reverse-
biased, until it eventually turns on at point B, corresponding to the sharp switch that
defines VN, as Va is swept upward (Figure 10c).

From B to C: “Negative differential resistance’: The anode voltage shared by the three
forward-biased junctions is unnecessarily large. The negative-resistance region means that
the current increases even if V is reduced. The potential in the gated region goes from
MOS depletion to inversion value. The end of this regime denotes the sharp switch under
reverse bias scan Vopr (Figure 10d).

From C to D: "PIN diode’: The energy barriers are demolished, and the device operates
as a forward-biased PIN diode in double-injection mode. The region of very high current
is affected by the series resistance, which limits the effective voltage drop on the diode.

This short description highlights that the Z2-FET’s behavior results from the compe-
tition between the MOS transport, driven by minority carriers, and the PIN diode with
ambipolar transport. The sharp switching from Iopr to Ion and vice versa reflects the
sudden shift from a MOS mode to PIN mode of operation.

3.3. Regional Model

With the Z?-FET being a partially gated PIN diode, its Is~V characteristic can be
formulated using the standard PIN diode current model, given by [30]:

Va—Rpinia Va-RpiNIa 2
In=Ipgle N —T1) +Igecle NP —1 1)

where Ipis and Ige respectively stand for diffusion and recombination currents, Rppy
represents the intrinsic body resistance, 3 = kT/g, and N is the diode ideality factor
dependent on the operation regime (see [29] for details).

In the Iopr regime, the applied voltage V4 is small, so the square term in Equation (1)
can be neglected. As the drain current in this regime is insignificant, the term RpnIp can
also be ignored. The anode current in the Iopr region reduces to:

Va
Taor = IDifope (eNB - 1) 2
where IpifoFr is a fitting parameter related to the diffusion current.
In the ‘barrier collapse’ (BC) regime, V cannot be neglected, but the drain current is

low enough and the term RpnIp is still negligible. The first term of Equation (1) can be
dropped, leading to a well-defined expression for the current I_pc:

Va
IABC = IReCBC (eNB — 1) 2 3)

where Igecpc is a fitting parameter connected to the recombination current and N = 2.
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The ‘negative differential resistance” regime is too complex for a physics-based model.
However, noting the linear variation of the anode current logarithm in Figure 9, we can
construct an empirical equation for I NgG:

Ion — loFr Vonlorr — Vorrlon
Innge = Va+ 4)
NEG - Von — Vorr Von — Vorr

where Von and Vopr are the switching voltages under forward and reverse bias sweeps,
while Ion and Iopr are the corresponding drain currents, just before the switch.

The keys aspect of the regional model is the calculation of the boundary conditions
between each regime, namely the switching voltages Von and Vorg [29].

3.4. Switching Voltages

Figure 10 shows the large variation of the electrostatic potential from depletion to
inversion under the gate. The potential in the gated region ¥ and in the ungated body
Yyc can be formulated via an MOS-centric description.

In depletion mode, the equivalent capacitor dividers in Figure 11a yield the corre-
sponding potentials ¥Ggep and Yycdep:

Cgox * Cs; - (Vg — Vrg)
WGaep Cox - Csi + Cpox - Csi + Cox - Cpox ' © ®

Cpox
1J)UGdep - <CBOX T CSiUG >VBG (6)

The inversion mode is mathematically more complicated. The gated region is a
classical FD-SOI MOS structure, where the explicit solution from the Leti-UTSOI model
applies [31]. The ungated region behaves like a bulk device, with limited substrate depth
and thick gate oxide (the BOX), mainly driven by the back-gate bias. The Poisson integration
is simplified by considering only the back channel in the ungated region. The explicit
solution proposed in [29] reads:

0 buG —Ve
v/ q- &g ni dep
Pyg = ll)UGdep —2B - LW <\/2qT3(;BOX .e 2B ) (7)

where the analytical formulation of the Lambert function is

LW(x) = In(1 + ) {1 _In(1+In(1 —l—x))]

24+ In(1+x)

The quasi-Fermi level potential V¢ is deduced from TCAD simulations. Figure 11b
illustrates the complex variation of the electrostatic potentials ¥ and Yyg with anode
voltage. The validity of the proposed model is confirmed by a comparison with the
TCAD results.

The turn-on voltage Vo corresponds to the sharp switching point in the increasing V 5
sweep, that is the boundary voltage between the barrier collapse and negative differential
resistance regimes (point B in Figure 9). The potential variation Yyg — (Y — V) monitors
the difference between the pseudo build-in voltages in the junctions formed by the cathode
and the ungated body (Yyg) and by the anode and the gated region (Y — Va). Figure 12a
shows that the switch point occurs when this differences is close to 0, wherever this happens
within the silicon film. An iterative calculation yields a first order approximation of Von:

Von = W, — 05%uc (Va,, ) — 05%uc (e, — 05%uc (Ve )) ®)
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where ¥gqep is the potential in the depleted gated region (Equation (5)) and Yug(Va) is
the potential in the ungated region as a function of anode voltage; an analytical expression

of Yyg(Va) is derived in [29].
Potential in “OFF Regime” Potential in “PIN”

(@ Vo-ta-tg  ® Ve

Vk

Gated
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» ) . ‘ 1 . Vorr! ,
0 0.5 1 1.5 0 0.5 1 1.5
Anode voltage Va (V) Anode voltage V, (V)

Figure 12. Schematic view and potential variation vs. anode voltage in (a) the Iopr regime and
(b) PIN regime, showing the position of the switching voltages Von and Vopr (adapted from [29]).

Conversely, the turn-off voltage Vorr is the boundary voltage between the negative
differential resistance and PIN regimes (point C in Figure 9). The device turns off when
Va is sufficiently low to allow the gate to regain control of the gated region, as shown
in Figure 12b. The lower limit of the PIN regime occurs when the potential difference
Yc — YGinv reaches zero. To obtain an analytical expression for ¥, Ohm’s law can be
applied to the gated and ungated segments, finally leading to Vopg:

2tsiq + 2tsig

e )
tSiUG +2tSiG Ginv

Vorr =

Von and Vorp are primarily dependent on the potential in the gated region. The
excursion range of Vo is quite wide, because it depends, in the first order, on the depleted
surface potential that exhibits a large variation with Vgg. On the other hand, the Vopg
excursion range is modest, since it depends on the inverted surface potential that varies
only weakly with Vgg.

3.5. Compact Model V-1 Formulation

The main challenge for compact modeling is a unified description of the steady-
state hysteresis. This means that the same equations must capture all biasing schemes.
This cannot be achieved by the current-voltage I5 (V) formulation, as proposed in the
previous regional model. Instead, the reciprocal voltage-current V(Ia) characteristics can
be analytically constructed from the following set of equations:

Iz
VAOFF = NOFF : B ‘In <1 + IDif ) (10)
OFF
I
VABC = NBC . (3 In| 1+ A + NBC (IbGdep — IbGinV> (]1)
IRecBC
Von — V Vonl — Vorrel
VANEG — ON OFF + ON1OFF OFF1ON (12)
Ion — Iorr Ion — Iorr

2
2. IReCPIN - IDifPIN + IDif + 4IAIR6CPIN + Rpnl (13)
PIN1A

IReCpIN

Vapnw = Npiv - B-In
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Each of the above four equations is valid in a well-defined region, designated by its
subscript: OFF for off-current regime, BC for barrier collapse regime, NEG for negative
resistance regime, and PIN for the conductive diode regime. Thanks to the analytical
expressions for the boundary conditions between the conductive and blocked regimes
(i.e., Von and Vorp), Equations (10)—(13) are linked in a common formulation to ensure
continuity (mandatory for implementation in Verilog-A). Figure 13 shows a convincing
agreement of the model with, both, TCAD results (a) and experimental data (b).
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Figure 13. (a) Current-driven Z?>~FET characteristics predicted by the compact model and by TCAD
simulations. (b) Voltage-driven characteristics obtained from model and measurements (adapted
from [29]).

4. Sharp-Switching Performance

The steady-state transfer characteristics I (Vgg) in Figure 5¢c demonstrate exceptionally
sharp turn-on capability. The switching to Iopr is also abrupt, but more challenging because
the energy barriers need to be reconstructed. The gate voltage required to turn off the
Z2?-FET is markedly higher than to turn it on. This hysteresis becomes larger as the anode
voltage increases. Figure 14a shows that a small increase of 50 mV in Vo (from 0.95 V to
1 V) requests a more than 1 V increase in Vg, to abruptly suppress the current. A too
high anode voltage renders the gate unable to turn off the device. These problems can be
avoided by using fast pulses on the gate [32].
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Figure 14. (a) Turn-off transfer characteristics in DC mode. (b) Current switch vs. time in response
to gate pulses with variable rise time shown above (Vig from 1.3 V to 0.8 V and back): V5 =0.8V,
t =7 nm, tgox = 25 nm, Lg = Lyg = 500 nm, adapted from [32].
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Figure 14b shows the current variation in the time domain in response to gate pulses
of 0.5 V amplitude. The device turns sharply from an Iogr to Ion state as Vg is pulsed
down. Then, pulsing the gate voltage up, turns the device off. A fast gate pulse, together
with the absence of hysteresis, is essential for logic circuits. It is worth noting that during
the rise time of the gate signal, the electron concentration cannot be adjusted promptly
enough, and the hole barrier is temporarily taller than in DC mode. This explains why the
gate voltage needed to block the device is much smaller in pulsed mode than in DC mode.
As a result, a gate pulse of 0.5 V is only effective in switching the device back and forth.

Systematic measurements reveal the importance of the pulse time constants. It is the
collapse of the hole injection barrier that makes the device turn on. The discharge current
that sweeps away the electrons stored under the gate contributes to the feedback mecha-
nism that suddenly collapses the barrier. This discharge current is obviously amplified for
very short fall times of the pulse.

The device turn-off is less spontaneous and critically dependent on the rise time of
the pulse. In Figure 14b, a relatively long pulse (>1 ps) is inefficient, as it tends to keep the
device locked in conductive mode with high leakage-like current. Instead, a very short
pulse (<50 ns) produces a perfect spike in current. Very fast rise times succeed in restoring
tall energy barriers, before the anode and cathode can supply fresh holes and electrons.
This means that switching the device off requires a pulse rise time shorter than the transit
time of carriers between the terminals. Simulations predict successful operation in the
pico-second range.

The effectiveness of the switch depends on the balance between the anode and front-
gate voltages. Figure 15a shows a Z2-FET biased with 0.8 V on the anode. Ideal switching
properties, without leakage, are measured when the upper level of the gate pulse is higher
than 1.3 V. A lower gate voltage (Vpg = 1.1 V) is insufficient to build strong energy barriers
that would block the device; the minimum current in the OFF state is no longer zero,
leading to unacceptable leakage. Increasing the anode voltage to ensure a higher Ion
(increasing V 4 by 0.2 V roughly doubles the current drive) makes the barrier reconstruction
more difficult, leading to rising leakage currents. The solution is to concomitantly increase
the gate pulse.
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Figure 15. Current switch in response to a gate pulse showing the impact of (a) front-gate voltage
(for V5 = 0.8 V) and (b) ground-plane voltage Vpg (Va = 1.1V, Vig = 0.5V, adapted from [32]). The
gate pulse has a 0.5 V amplitude and varies, as in Figure 14b, between the indicated Vig value and a
lower level.

The fine-tuning of the ground-plane voltage offers yet another solution for the sup-
pression of the leakage current. However, a too negative Vpg counteracts the effort of the
front-gate to set a strong hole-injection barrier at the anode, whereas a too positive Vpg
hampers the creation of an electron barrier at the cathode. Once again, the dual ground-
plane variant (Figure 3a) shows improved performance [32]. It is the ground-plane located
beneath the gated region that makes the difference. When Vpg = 0 the leakage is high,
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but it decreases by orders of magnitude for Vpg = +2 V (Figure 15b). This ground-plane
can guarantee a strong barrier at the anode, even though the front-gate voltage is kept
small (Vgg = 0.5 V), suitable for low-voltage applications. Note that the ground-plane
biasing does not impact the Ion current. The Ion/Iopr current ratio can exceed six orders
of magnitude. The proper selection of anode, gate, and ground-plane voltages is even
more crucial in short-body devices, where the energy barriers are narrower and, thus, more
transparent. While Ipn current is improved, the Iopr leakage current tends to increase
more quickly unless the gate voltages are increased.

In summary, the Z>-FET stands as a surprisingly solid contender in the arena of sharp-
switching devices. Its main asset is its performance at very high frequencies: (i) sharp
turn-off enabled by higher energy barriers in the pulsed mode, (ii) easy turn-on thanks
to the gate discharge current, and (iii) short Ioy state duration, to save energy. A further
aspect appealing for low-power applications is the devices capability to switch on and off
at gate and drain voltages in the sub-1V range.

5. Alternative Applications of Sharp Switching
5.1. Static Memory Cell: Operation as Capacitorless SRAM

The DC hysteresis observed when sweeping the Z>~FET anode voltage back and
forth while monitoring the current suggests the possibility of using the Z>~FET as a single-
transistor static RAM cell [26]. The static memory window, i.e., the valid anode voltages
to operate the cell as an SRAM, is defined as the range between the DC current switching
points Von and Vorr, see Figure 16. The high-current “1’-state is set by applying V4 > Von;,
to overcome the injection barriers and forward-bias the cell. In contrast, the low-current
‘0’-state is programmed with a low anode voltage Va < Vogr; the barriers are rebuilt and
block the current flow. In either case, after setting the ‘1’- or ‘0’-state, the anode bias must be
maintained within the limits of the memory window, Vorr < VA < VoN, to avoid flipping
the memory state.
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Figure 16. N-type Z?>~FET DC curves showing the static memory operation. The anode current
needed to hold the ‘1’-state limits the application of Z?~FET-based single-transistor SRAM to low-
density chips.

The large hysteresis, with excellent stability during memory cycling, the ease of
operation, with only the anode contact as a control terminal, and the unrivalled current
margin between states would seem to make the Z2-FET cell a promising candidate for
SRAM applications. The critical drawback is related to the power consumption in the
“1’-state. Unlike the ‘0’-state, where the current is practically zero, the “1’-state is associated
with a relatively high Ioyn since the anode bias cannot be reduced below Vopp. Unless the
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Z2-FET is somehow combined with a current blocking device, the power consumption
would be unsustainable in billion-cell SRAM chips.

5.2. Dynamic Memory Cell: Operation as Capacitorless DRAM

The Z2-FET stands out as a competitive capacitor-less DRAM cell [13], especially for
embedded applications, due to its full compatibility with standard FD-SOI CMOS process
flow and low-voltage designs [33]. Its dynamic memory operation relies on transient
modulation of the onset voltage Von [34]. It is necessary to form the horizontal doping
profile of the virtual NPNP Shockley diode (i.e., floating-body thyristor), by biasing the
gate terminals [11]. The turn-on voltage Von is modified by altering the carrier population
within the body of the device. Normally, a high carrier density under the top gate, as in the
DC regime, lowers the device turn-on voltage Von.1 as the height of the barrier is reduced.
This is the standard memory ‘1’-state of the Z?>~FET. However, a short pulse on the front
gate cannot quickly populate the body underneath, leading to a deep-depletion regime
that yields an increased potential barrier, corresponding to a higher triggering voltage
Von-o [35]. This would be the ‘0’-state. The difference (Von.0—Von-1) defines the dynamic
memory window, with a typical value of 200-300 mV (Figure 6). The Z>~FET memory
cell can be read out with an anode voltage pulse in the Von.g < Va < Von-1 range: the
current is high in the ‘1’-state (Vo > Von.1) and negligible in the ‘0’-state (V4 < Von-o) [34].
Figure 17a depicts the Z>~-FET dynamic memory for an n-type device (top gate located
beside the P* anode terminal), with virtual body doping induced by the top (Vgg) and
bottom (Vpg) gates.
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Figure 17. Operation of N-type Z>-FET DRAM. (a) Carrier populations in ‘1" and ‘0’ memory states.
(b) Output characteristics in “1” and ‘0’ states, showing the measured currents (adapted from [34]).

In any DRAM cell, four main operations are performed: read, write, erase, and hold.
The memory readout process (R) aims at discriminating the cell states based on the current
level. The readout anode voltage V, is set inside the dynamic memory window (see
Figure 17b). In the ‘1’-state, the Z?>~FET essentially behaves as a forward-biased PIN diode,
with a large output current. Conversely, in the ‘0’-state, the central PN junction is reverse-
biased and passes a very low leakage current. Hence extremely high current ratios I; /I
can be obtained, enabling easy memory state discrimination. It is worth noting that, as
in most capacitorless alternatives (MSDRAM, A2RAM, ZRAM, ... [36,37]), the readout
process is based on current rather than voltage sensing.

The holding phase (H) is expected to preserve the programmed memory states for
as long as possible. A natural trade-off arises as a consequence of the dual goal of this
operation; maintaining a high carrier concentration in the ‘1’-state and a low carrier
concentration in the ‘0’-state. To save energy, the anode is grounded while the gates are
biased to ensure the corresponding memory-state barrier conditions.
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Finally, the mechanisms to produce suitable carrier populations underneath the gate
are known as write (W) and erase (E) operations. The carrier storage needed to program
1" is achieved by grounding the gate, thereby lowering the injection barrier, and then
forward-biasing the cell with an anode pulse to allow carrier flow. The sudden building
of the barrier with a positive top-gate bias pulse captures the flowing electrons under the
gate. On the other hand, the carrier evacuation for writing the ‘0’-state is achieved through
capacitive coupling, by grounding the top gate without any anode pulse; the carriers under
the front gate are, thus, expelled [13].

Figure 18 shows an example of voltage pattern with all four operations and the anode
current readout as a function of time.
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Figure 18. Z2-FET dynamic memory operation consisting of a E-R-W-R sequence. The hold operation

(not indicated) is performed by default after any other operation. The cell drives current only for the

“1’-state programming (W1) and readout (R1).

With a ‘0’-state programmed, the deeply depleted body tends to get repopulated
with carriers, due to thermal generation and parasitic current injection. By contrast, in the
“1’-state the excess carrier concentration may decrease with time, due to recombination and
current leakage. These two processes make the turn-on voltage shift with time and the
dynamic memory window becomes narrower. When the turn-on voltages for logic ‘1" and
‘0" merge (Von-0 = Von-1), the memory effect vanishes [34]. Therefore, the carrier charge
under the front gate needs to be periodically refreshed, lest the memory state is lost. In
particular, the unwanted population of electrons that tends to accumulate under the gate
and eventually corrupt state ‘0’ can be eliminated by grounding the front gate.

The maximum elapsed time in which it is still possible to recover the memory state
without losing the information is known as the retention time. Frequent readout of the ‘0’-
state improves retention, because the parasitic electrons are swept away by the anode pulse.

The performance of the Z>-FET as a 1T-DRAM cell can be briefly summarized,
as follows:

Speed: The Z>-FET DRAM performs best when the program and readout pulses are
short. The power dissipation is obviously reduced by limiting the time Ion flows (when
reading out the “1’-state). Measurements show that with 320 ns anode pulses, the energy
saving is two orders of magnitude compared with a 120 us pulse [22]. Ultra-fast operation
has been demonstrated through TCAD simulations, with access times below 1 ns. The
performance is enhanced for two reasons: (i) shorter anode pulses enable lower readout
voltages, and (ii) shorter top-gate pulses enhance the barrier height. Besides, slow cell
access times may result in the loss of the sharp-switching capability.

Retention time: Both memory states benefit from repeated readout operation, which
has a regenerative effect. Adequate control of the carrier concentration during the ‘0’-state
hold operation is essential. After careful optimization, retention times over 500 ms have
been demonstrated [38]. Trap-assisted tunneling [39] and especially carrier generation
through Shockley—Read-Hall (SRH) process at the anode-body junction [40] seem to be the
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main limiting factors to extending the retention time. Some techniques have been explored
to improve it, for example the half-ground-plane Z?>-FET [41] or the double ground-plane
(Figure 3a).

Energy consumption: The Z>-FET DRAM current is only significant when writing
or reading the ‘1’-state, see Figure 18. A high ‘1’-state read current is attractive for state
discrimination. Therefore, optimization efforts have focused on the energy reduction for
“1’-state programming. It has been demonstrated that it is possible to write the cell with
low anode-voltage (VA ~ 0.4 V), greatly reducing the current and practically suppressing
the programming energy [42]. Energy and power consumption now occur exclusively
during the readout of the ‘1’-state, with less than 1pJ/bit per operation at 1 V and an even
lower standby energy. Moreover, the ‘1’-state readout process regenerates the ‘1’-state
condition, relaxing the need for periodic refreshing. The use of alternative materials with
a narrow bandgap, such as germanium, is an attractive avenue towards reducing the
operating voltage and, hence, the power consumption of Z>~-FET DRAM cells. This has
been demonstrated through numerical simulations [43].

Temperature dependence: Tests under elevated temperature conditions have proven
that successful operation is possible, although some minor modifications may be required.
The trigger voltage Vop shifts slightly to lower voltages as a consequence of the increased
carrier energy, which eases the injection over the energy barriers [33,38]. This enables the
use of Z2-FET cells with lower biasing conditions and power consumption. As a drawback,
increasing the temperature augments the SRH generation-recombination, reducing the
retention time [39].

Reliability, noise, and variability: Metrics such as the DC Vgy and Ipy;, the dynamic
memory window, and the retention time for the Z>~FET were experimentally studied at
high temperature (85 °C) for different cell geometries and accelerated stress conditions.
The Von voltage shifts up to 50 mV after long stress periods. It was also found that
Ion is affected by bias-temperature instabilities (BTI) and random telegraph noise (RTN)
fluctuations [44,45]. Interface and oxide trapping effects are thought to be responsible.
Experimental time-dependent dielectric breakdown (TDDB) analysis demonstrated lower
breakdown variability for wider cells, but a shorter time to breakdown, indicating a
trade-off between reliability and variability [44]. A series of 3D TCAD simulations were
conducted to analyze the variability impact of fast states at each interface. Interface states
play a fundamental role in the device sharp-switching behavior, through the carrier lifetime
value [25,46]. An excessive density of interface defects at the top of the ungated region
degrades the capacitorless operation, increasing the Von and the variability. This effect
was found to be more critical as the cell was scaled down [47]. Nevertheless, a proper
design strategy could alleviate the impact of high interface state densities in short cells and
recover the sharp-switching capability at the expense of larger biasing voltages.

Scaling: TCAD simulations predict that the gate of the device can be scaled down to
30 nm [26] with the aid of GP-bias tuning [48]. Unfortunately, to preserve good electrostatic
control, the ungated region cannot be downscaled as aggressively. Nonetheless, the Z>~FET
cell is comparable in terms of area per bit with advanced embedded DRAM that inherently
includes a storage capacitor [48]. The geometric scaling enables enhanced oxide reliability,
due to the dielectric surface reduction [44] but, as a drawback, it may degrade the retention
time and the variability [47], demanding additional bias tuning to overcome this issue.

Matrix operation: The operation of the Z2-FET cell in an array configuration was first
studied through simulations [49] and later characterized experimentally in a two-by-two
cell matrix, with and without, a pass selector transistor [50]. Single-cell and word-length
operations were successfully demonstrated at low [51] and high temperature [52], with
promising immunity to bitline or wordline disturbances and an easy-to-scale design. A
prototype 1 Mbit memory chip, fabricated with FD-SOI technology, proved fully functional,
with reliable performance.
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5.3. Protection against Electrostatic Discharge

Hazardous electrostatic discharge (ESD) on chip pads should be diverted by a pro-
tection device before they reach and damage the core circuitry (Figure 19a). An optimum
protection is expected to respond quickly, by switching from a sleep mode (OFF) to a
high current-drive Ion mode. Devices with an S-shaped current-voltage characteristic,
operating in a certain voltage window, defined by the technology node and chip biasing,
are of particular interest. This is exactly what band-modulation devices are able to do.
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Figure 19. (a) Schematic ESD protection with a Z2-FET. (b) Output characteristics from TLP tests
with long and short current pulses. (c) Anode voltage response in the very first nanoseconds after
ESD strike showing the voltage overshoot (1 mA/um current pulse with 55 ps rise time, adapted
from [27,53]).

A fundamental advantage is the tunability of the turn-on voltage via both the front-
gate and back-gate voltages. The characteristics of the Z2-FET in Figure 5a,b are perfectly
suited for ESD protection. Whatever maximum voltage Vpp can be tolerated by the chip
before breakdown and fatal damage, the trigger voltage can be adjusted to Von = 0.9 Vpp.

ESD tests are conducted with transmission line pulse (TLP) methodology, which
records the voltage drop produced by a brief pulse of anode current. Reconstructed 14 (Va)
curves are shown in Figure 19b. A Z?-FET with a thicker body (12 nm) can handle a
current of 8 mA /um [27]. Relatively long (100 ns) ESD discharges generate considerable
self-heating in FD-SOI films, which lowers the maximum current. However, the advantage
of ultrathin films over bulk silicon comes from a significantly faster response (120 ps) and
a reduced overshoot voltage [53]. Figure 19c shows the waveform of the anode voltage
just after an ESD event. The temporary voltage overshoot, where the device might be
vulnerable, is minimized to 0.8 V.

5.4. Photo-Detection

The operation of the Z?-FET as a photodetector takes advantage of the same nonequi-
librium mechanism used in 17T-DRAM. The generic principle is to bias the device such that
it stays in blocked mode (‘0’-state) in the dark and turns on (‘1’-state) during illumination.
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Applied bias (V)

Light is detected by the abrupt switch from low to high anode current. The turn-on voltage
under illumination is the sensing parameter [54,55].

In order to enhance the light absorption efficiency, rather thick top silicon film
(tsi = 200 nm) is used in this simulated device. The gated and ungated regions are 0.5 um
and 1.5 pm long and the BOX is 500 nm thick.

Sharp voltage pulses of +5 V and —5 V are applied on the front and back gate,
respectively, to induce injection barriers in the Si film. Under a constant anode bias
(Va =1V), the device is exposed to light with intensity of 5 uW/cm? and wavelength
A =520 nm. Figure 20a shows the evolution of the potential barriers and anode current
with the exposure time. The device is initially in the Iopr state, due to the high potential
barriers formed by the gate pulses. In the dark, the potential barrier height does not change
appreciably in the tens of ms time scale, so that the device remains off. On the contrary,
under illumination, the electrons photo-generated in the ungated region are attracted by
the positively biased Vpg and accumulate under the top gate oxide. The accumulated
photoelectrons reduce the injection barrier and Voy, which eventually switches the Z2-FET
into the conduction mode with high Ipy.
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Figure 20. (a) Bias and light waveforms in a Z>~FET photo-detector. (b) Time-dependent evolution of the potential barrier
at anode and Z?-FET current with and without exposure to light at f = 1 ms. (c) Anode current as a function of time during
exposure to light (adapted from [54]).

Two operation modes of the Z>~FET photodetector can be envisioned. Figure 20b
shows the Z>-FET used as a switch triggered by a threshold light exposure. The device
turns on after a few ms, with the delay arising from the time needed to photo-generate
enough carriers to decrease the turn-on voltage and equal the reference anode voltage Von
(t) = V. The response time measures the light intensity.

With a Vg pulse, the non-equilibrium condition is reinforced and the potential barrier
is taller. Hence, for constant light intensity, a longer exposure is needed to generate
enough photoelectrons to lower the barrier and trigger the Z>~FET. For low Vg bias, fewer
photoelectrons are required and the response is faster. Figure 21a shows how the response
time can be flexibly tuned by the gate voltage.

In an alternative operation mode, the Z2-FET is used as a sensor to monitor the light
intensity. Once the gates are sharply pulsed into deep depletion, a short light flash with a
constant duration (5 ms) generates photocarriers that lower the potential barrier and Von.
The anode voltage is ramped from 0 V up to 2.5 V and the current is monitored to detect
the switching voltage (see Figure 21b). With higher light intensity, more photoelectrons
are available and the Vo reduction is more pronounced. Thus, a lower V5 is needed to
turn on the device. The relation between exposure dose and Voy is nearly linear, which
facilitates the light-to-voltage conversion. Not only does the Z>~FET detect light, but it
also integrates the photogenerated charge, that is the number of photons, and provides
exceptional amplification through the positive feedback mechanism. These two operation
modes have multiple potential applications.
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Figure 21. (a) Evolution of the anode current under exposure to continuous light for various gate
voltages and V4 =1 V. (b) Turn ON characteristics of the Z2-FET for various intensities of light pulse
(adapted from [54,55]).

5.5. Bio-Sensing

The generic NPNP structure and overall functionality of a band-modulation device can
be achieved by omitting the back-gate action and instead using surface charges attached
to the ungated region (Figure 22a). Negative surface charges would induce the necessary
P-type electrostatic doping that, together with Vg > 0, gives rise to S-shaped characteristics.
The sensing parameter is again the turn-on voltage Vo, which is highly dependent on
the amount of surface charge. In Figure 22b, a very small variation in charge density
(10'' cm~2) leads to a shift of Vo as large as 1 V, showing outstanding detection capability.
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Figure 22. (a) Configuration of the Z2-FET operated as a biosensor for detection of negative and
positive surface charges. (b) Output characteristics and (c) turn-on voltage vs. negative surface
charge in devices with variable ungated region lengths.

The region of maximum sensitivity can be adjusted by modifying the length of the
ungated region: long for small charge concentrations, or short for higher concentrations
(Figure 22b). A complementary device, able to sense positive charges, can be designed by
relocating the gate next to the cathode (right-hand scheme in Figure 22a). With Vig <0,
the NPNP configuration is preserved.
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6. Reconfigurable Sharp-Switching Modes

The mechanisms addressed in this section differ from band modulation. However, they
can also provide sharp-switching capability and take place in the very same structure. These
aspects emphasize the extraordinary versatility of the Z2-FET for reconfigurable circuits.

6.1. Impact Ionization MOSFET (I-MOS)

The Z?-FET in Figure 2a can also operate as a P-type I-MOS. The difference is twofold:
(i) the I-MOS looks like a PIN diode, rather than a virtual thyristor, and (ii) it is biased in
reverse mode. In Figure 23, the gate voltage is negative, the anode is grounded, and the
cathode voltage is large and positive, so as to trigger impact ionization. The N-type version
would have the gate located nearby to the cathode and the voltage polarities swapped
(VFG >0,Va< O) [56].

OFF : Vi =0 10 V=168V
I \

= 3707 18V
ON: Vi <0 =
c
K = %)

10-10 1 I 1 I 1
-3 -2 -1 0

Front-gate voltage Vic (V)

Figure 23. Current vs. gate voltage measured in a P-type I-MOS fabricated on FD-SOI (adapted
from [57]).

The principle is that in the off-state (Vg = 0) the entire body is fully depleted and the
two terminals are too far apart for impact ionization, resulting in a negligible current. A
negative gate voltage starts bringing holes to the gated region. Such electrostatic doping
virtually expands the anode contact underneath the gate, shortening the depleted region of
the body. Even with Vi constant, the lateral electric field increases abruptly, initiating im-
pact ionization in the ungated region. In other words, the I-'MOS operates in the avalanche
breakdown regime. The current turns on sharply, with an impressive subthreshold slope of
2 mV/decade [57].

The transfer characteristics reproduced in Figure 23 exhibit a large lateral shift for
small variations in Vk. The reason for this is the exponential dependence of the impact
ionization rate on the electric field. An acceptable Ion /Iopr current ratio (~10°) is measured.
Despite the very sharp switching and attractive threshold voltage (tunable via the cathode
bias to less than 1 V), the I-MOS is ineligible for low-voltage applications. The cathode
voltage is simply excessive, even when the gated and ungated regions are scaled down. The
fundamental issue is that energy conservation during the impact ionization process imposes
a minimum breakdown voltage of 3—4 Eg ~ 3.5-4.5 V in silicon [58]. Semiconductors with a
narrower bandgap Eg (Ge, SiGe with a large Ge content, InGaAs, etc.) can provide a lower
operating voltage [59], but they are also subject to high BTBT currents, especially when the
impact ionization region is scaled down. This leads to high and exponentially increasing
Iorp, dooming the I-MOS as being a low-power sharp-switching device.

Furthermore, like most avalanche-based devices, the I-MOS suffers from long switch-
ing times. Another major inconvenience results from the high carrier energy: hot elec-
trons and holes injected into the gate dielectric and BOX are responsible for premature
device aging.
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6.2. TFET

A band-modulation device can also be operated in the TFET mode, without any
structural changes; the device anatomy and gate voltage polarity are preserved, but the
anode is reverse biased. Figure 24 again shows a hocus-pocus diode with a positive
Vi > 0, a floating Vg (no back-gate voltage), and a variable anode voltage Va. The
Io—Va characteristics are highly asymmetric, denoting fundamentally different operation
mechanisms. When V  is positive, we obtain the sharp-switching feedback-based Z?>~-FET
characteristic described earlier, with a nearly vertical transition from Ign to Iopp. On
the other hand, the negative V5 produces a TFET mode, where the 14 is generated via
band-to-band tunneling (BTBT) at the anode junction and flows between the heavily P*
anode and the electrostatically doped electron-rich region under the front gate.
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Figure 24. Experimental current vs. anode voltage characteristics showing the same device operating
as a TFET (for V5 < 0) and a Z2-FET (for V >0, adapted from [12]).

The TFET mode of the band modulation device in Figure 24 has the merit of empha-
sizing the extreme reconfigurability of the band-modulation device, but the SS obtained
experimentally is disappointing, as is the low Igy. These drawbacks are common to all
experimentally realized Si-based TFETs. While numerical simulations relying on ideally
abrupt junctions (and favorable adjustable parameters in the interband tunneling trans-
mission coefficients) have led to predictions of SS below the 60 mV /decade limit over
a wide range of current densities, including practically relevant Ion [60], the reality is
rather different. Due to the large Si bandgap and relatively heavy tunneling masses, no
all-silicon TFET has delivered an Ion exceeding 1 pA/um, while maintaining sharp SS
over several decades of Ip. Attempts to improve Ion by moving to lower Eg channel
materials or by employing heterostructures, where the BTBT process would occur in a
lower bandgap material (like Ge), while retaining CMOS compatibility have met with
limited success [61,62].

Even moving further afield from Si, experimentally realized TFETs with III-V channels
have not provided a compelling combination of Ion and low SS over a reasonable number
of Ip decades. A comparison of TFET performance with room-temperature CMOS is
provided in Figure 25, using the simple benchmarking technique proposed by Cutaia and
co-workers [63]. The transfer characteristic at a fixed source—drain (i.e., anode—cathode)
voltage Vp is analyzed by finding the average SS between Iorr and Ion, which is plotted
against Ion/Vp. The lower-right corner, with SS slightly above the 60 mV /decade value
and Ion higher than 100 pm/(pm-V) is the domain of modern FInFET or FD-SOI CMOS
transistors. Despite persistent efforts by researchers in a number of academic and industrial
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laboratories, including a recent tour-de-force of hybrid co-integration of III-V TFETs and
MOSEFETs on Si [64], no TFET to date has come close to outperforming CMOS at digital
switching. This rather disappointing performance of the experimentally reported TFETs to
date may spur the development of alternative CMOS-compatible sharp-switching devices,
such as the band-modulation devices described in this article. One solution however for
TFETs might consist in using the bipolar-enhanced TFET structure known as the BET-
FET [66]; the tunneling current forms the base current and is naturally amplified by the
internal gain of the bipolar transistor.
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Figure 25. Average subthreshold swing SS vs. normalized Ion plot, using the Cutaia et al. benchmark-

ing approach [63]. Reproduced from [7], with additional recent data points from [64,65] indicated
with stars. Green points indicate CMOS-compatible materials.

6.3. Esaki Diode

Esaki tunneling diodes [67] feature a negative differential resistance (NDR), attractive
for fast-switching circuits [68] and high-frequency detectors and oscillators. The forward
current is carried by the electrons tunneling from the conduction band on the N-side into
the empty states of the valence band of the P-side. This mechanism is the reciprocal of the
Zener effect.

BTBT occurs if the conduction and valence bands are properly aligned and the tunnel-
ing barrier is as thin as possible. These conditions imply the processing of a very sharp
junction between heavily doped N and P regions, which is hard to achieve in ultrathin
bodies. Another fundamental aspect that hampers tunneling in Si is the tunneling rate,
exponentially higher in materials with lower bandgap Eg and effective mass.

While physical doping with degenerate concentration and sharp junctions is hardly
feasible in FD-SO], electrostatic doping can offer an attractive substitution. The device is
biased such as to emulate a virtual P-N diode with the junction located at the left corner of
the gate. High voltages applied to the front and back gates induce adjacent populations
of free electrons and holes, with concentrations above 10 cm 3. Although the depletion
region is depth-dependent, it does not exceed 5-10 nm length. To avoid damaging the
gate dielectric, the anode is grounded and the cathode is negatively biased; the BOX being
much thicker, it can sustain high electric field without reliability concerns.

Measured at low temperature, where the generation current at interfaces is massively
attenuated, the electrostatic Esaki diode exhibits a clear NDR region (Figure 26) [69]. The
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initial current is due to band-to-band tunneling and increases with cathode voltage. A peak
current is reached before the tunneling current decays (for | Vi | >0.88 V). Then, the regular
diffusion current of the P-N diode takes over. The NDR peak-to-valley ratio attains 3.6,
a record in our silicon world and close to the best values in Si-SiGe heterojunctions [68].
Interestingly, 2D numerical simulations indicate that BTBT occurs at the front and back
interfaces, as well as diagonally between the heavily-doped layers of electrons at the
film-BOX interface and holes at the front-gate interface.
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Figure 26. Experimental current-voltage characteristics of an electrostatic Esaki diode fabricated
on undoped FD-SOI, showing the role of the gate voltage; with the same device parameters as in
Figure 4 (adapted from [69]).

It is worth noting that for low gate voltage (| Vpg | < 0.4 V), the concentration of holes
P* on the anode side is too small to enable interband tunneling. On the other hand, at
high Vgg the tunneling current increases and gives rise to a plateau that replaces the NDR
peak (for -2 < Vg < —1.6 V in Figure 26). This excess current originates from trap-assisted
tunneling [69]. The electrons can tunnel either from the conduction band into empty deep
traps located in the forbidden gap of the anode or from filled traps into the valence band of
the cathode. Similarly, increasing the back-gate voltage is beneficial to tunneling, as long
as the hole concentration set by the front gate is not affected. The solution, to avoid this
undesirable coupling between the gates, is a virtual diode featuring twin ground-planes,
as shown in Figure 3a. The P-type ground-plane must be located beneath the gated region
and negatively biased to reinforce, rather than dilute, the P* electrostatic doping. This
biasing scheme is important for keeping the junction between the two ground-planes
reverse-biased and minimizing the leakage current.

These preliminary results emphasize the tremendous potential of electrostatic doping:
an Esaki diode with a priori degenerate doping can actually be emulated in an undoped
body using the front and back gates. Transferring this principle from FD-SOI to SiGe or
pure Ge would certainly enhance the device performance.

7. Conclusions

The band-modulation mechanism was discovered thanks to the advent of high-quality
ultrathin silicon films in FD-SOI technology. Without an ultrathin body, the necessary
voltage-controlled blocking barriers could not be maintained across the whole film thick-
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ness. Given an insufficiently tall barrier at one of the interfaces, the regular forward current
of the PIN diode would undermine the positive feedback mechanism and the excellent
sharp-switching capability.

We do not know of any other device that can challenge the Z>~FET for steep switching
(1 mV/decade) at low voltage (<1 V). Ferroelectric or tunneling FETs are unlikely to ever
achieve this level of performance. The simplicity of the integration scheme, fully transfer-
able from FD-SOI to FinFETs and nanowire transistors, is a strong argument for further
development. Another important merit of band-modulation devices is their reconfigura-
bility. For example, the Z>-RAM stands as the best option for embedded capacitorless
1T-DRAM memory. On the other hand, the Z>~FETs can protect their own circuits from
electrostatic discharges.

The gate length can be scaled down, as in any advanced FD-SOI transistor. However,
the presence of the ungated region is an inevitable obstacle to reaching less than twice the
minimum length of a MOSFET.

While Z?-FETs can perform most of the key electronic functions (logic switching,
memory, sensing, and ESD protection), they are still diodes in a world dominated by MOS
transistors. Whether diodes have a chance to compete against, or work alongside, MOSFETs
is a matter for future studies focusing on their reliability, variability, and downscaling.
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