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ABSTRACT. This paper discusses the impacts of electric field and physical confinement around the pn-junction on the
diffusion constant and carrier lifetime of various pn-junction devices fabricated on silicon-on-insulator (SOI) substrates.
The discussion will introduce the key points leading to a fuller understanding of the physics ruling the steep transfer
characteristics of ‘zero subthreshold swing and zero impact ionization field-effect transistor (Z2-FET)’ fabricated on SOI
substrates. First, many past experimental results of silicon-on-insulator lateral, unidirectional, bipolar-type insulated-gate
transistors (SOl Lubistor) are introduced to elucidate the current-voltage characteristics of recent insulated-gate silicon-
on-insulator (SOI) pn-junction devices. Advanced physics-based models are introduced to understand the physical
mechanisms that should be targeted to understand the transfer characteristics of self-aligned gate SOI Luibistor, offset-
gate SOI Lubistor, and Z2-FET. By combining theoretical considerations and experimental results, the physics that may
determine the operating characteristics of those devices are identified from the impact of electric field and physical
confinement around the pn-junction on the carrier diffusion process.
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1. Introduction

The power dissipated by integrated circuits now exceeds the cooling efficiency of electronic equipment.
We, therefore, have to change the design methodology of electronic devices and propose new possible
semiconductor devices that dissipate far less power. This demand is strengthened by the rise of the “Internet of
Things”, the attachment of sensors to literally everything that must continue to operate day and night without
connection to a commercial power supply. Thus, research into a new paradigm of low-energy devices has
started [CHA 10, MAR 10, CHA-L 10, DRE 10, LEE 10, VIT 10].

In order to overcome the critical technical issues, various interesting steep subthreshold swing devices, like
tunnel field-effect transistors (TFETs) [BHU 04, LEO 11, MAL 13] and negative-capacitance metal-oxide-
semiconductor field-effect transistors (MOSFETSs) [SAL 08, LEE 15], have been extensively discussed for
application to low-energy circuits and systems [OMU 16]. The ’zero subthreshold swing and zero impact
ionization field-effect transistor (Z2-FET)’, which is one of the steep OFF-to-ON swing devices, was proposed
several years ago [WAN 12, WAN 13, TAU 17, LEE 17, PAR 18, NAV 17, CRI 18] for application to low-
energy circuits.

J. Wan et al. suggested in Ref. [WAN 13] that the “S-type” current-voltage characteristics of the Z2-FET is
due to the very short lifetimes of minority carriers. Although it is anticipated that the steep-switching
mechanism is not so simple [TAU 17], their recent experiments addressed the very short minority carrier
lifetime of the thin silicon-on-insulator (SOI) layer and investigated how the lifetime can be modeled [LEE 17,
PAR 18]. They make the simple assumption that small values of lifetime stem from the surface recombination,
doping effect [SYN 14], and traps [SZE-1 07]. In contrast to their analysis, it is anticipated that other possible
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physics must be considered because bipolar or ambipolar operation is expected from the Z2-FET [OMU 07].

Accordingly, this paper tries to elucidate the key physics that are the primary determinants of Z2-FET
operation.

This paper first demonstrates some past, but important, experimental results of silicon-on-insulator lateral,
unidirectional, bipolar-type insulated-gate transistors (SOI Lubistors) having the self-aligned gate structure and
other pn-junction devices [OMU 07, WAK-1 03, WAK-2 03, OMU-1 13, OMU 17] in order to better
understand Z2-FET carrier transport; Z2-FET operation is then briefly reviewed following the papers published
[WAN 12, WAN 13, TAU 17, LEE 17, PAR 18, NAV 17, CRI 18]. After that, this paper introduces a
theoretical analysis of the characteristics of the thin or wire-like SOI pn-junction diode and self-aligned-gate
SOI Lubistor [OMU 82, OMU-2 13]. The theoretical consideration eliminates the confusion found in past
discussions and provides a clear basis for understanding the physics of recent-proposed Z2-FET operation; that
is, the very short lifetime of minority carriers stems from the electric field and the physical confinement; it is a
key factor in the device physics yielding the desirable steep swing characteristic.

2. Historical Background of Silicon-on-Insulator “Insulated-Gate” pn-Junction Devices (SOI
Lubistor) and Some Important Points

From the experimental results on self-aligned-gate SOI Lubistors [SZE-1 07, OMU 07] fabricated on
separation by implanted oxygen (SIMOX) substrates [IZU 78] we can extract the following points.
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Figure 1. Schematic device structure of the self-aligned gate SOI Lubistor and Ix-V transfer characteristics.

(a) Device structure of self-aligned gate SOI Lubistor (anode grounded), (b) Device structure of self-aligned

gate SOI Lubistor (cathode grounded), (c) Ik-Vk characteristics of self-aligned-gate SOI Lubistor given in Fig.

1(a) [OMU-3 13], where the substrate is grounded. Reproduced with permission from SOI Lubistors (Ed. Y.
Omura) © 2013 John Wiley & Sons Singapore Pte.Ltd.
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(1) Schematic device structure of the self-aligned-gate SOI Lubistor and its typical cathode current vs.
cathode voltage (Ix-Vk) characteristics are as shown in Fig. 1; Figures 1(a) and 1(b) show the device structures
assumed in the following discussion; different bias configurations are assumed for the same structure. Figure
1(c) shows Ix-Vk characteristics (experimental results) obtained using a 50-um-long gate device with the SOI
layer thickness of 80 nm, see Fig. 1(a) [OMU-3 13]. Self-aligned-gate SOI Lubistors show tetrode
characteristics (region (b)) and triode characteristics (regions (a) and (c)). Examples of the simulation results of
a 10-um-long gate device with the device structure of Fig. 1(b) are shown in Fig. 2; Figure 2(a) is obtained by
assuming the standard value of carrier lifetime (~10° s), and Figure 2(b) is obtained by assuming a very short
lifetime (~10"2's). A comparison of experimental results and simulations suggests that the characteristics
specific to self-aligned-gate SOI Lubistors with a 80-nm-thick SOI layer and a 380-nm-thick buried oxide layer
shown in Fig. 2(b) are reproduced by assuming a shorter lifetime than expected [WAK-1 03, WAK-2 03].
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Figure 2. Simulation results of self-aligned-gate SOI Lubistor given in Fig. 1(b) [WAK-1 03, WAK-2 03]. (a)

Assumption of the standard value of carrier lifetime (~10® s), (b) Assumption of a very short carrier lifetime

(~10* s). The substrate is grounded. Reproduced with permission from J. Electrochem. Soc., 150, G816
(2003). Copyright 2003, The Electrochemical Society.

(2) In Figures 1(c) and 2(b), the plateau of channel current (saturation like behavior) suggests that the drift
current under the gate electrode rules the channel current due to the gate-electric-field-induced free carriers; the
diffusion length of electrons is lower than expected when holes (majority carriers) are accumulated by the
negative gate voltage. It has been found experimentally that the current level of the plateau is very low when
the deep trap density is high near the Si/buried oxide interface. This condition yields the unique triode-like
anode current vs. anode voltage (Ia-Va) characteristics of the self-aligned-gate SOI Lubistor because the
electrostatic potential near the Si/buried oxide interface does not simply follow the gate potential and the anode
potential [OMU 82, OMU-2 13, OMU 83], and instead the OFF state of the self-aligned-gate SOI Lubistor is
triggered when negative voltage is applied to the gate electrode [OMU 82, OMU 83]. When the deep trap
density is very low near the Si/buried oxide interface, the tetrode Ia-Va characteristics shown in Fig. 2(b) are
observed because the electrostatic potential at the Si/buried oxide interface simply follows the gate potential
and the anode potential. The Ia-Va characteristics shown in Fig. 2(b) are reproduced in simulations only when a
very short lifetime is assumed [WAK-1 03, WAK-2 03], where it is not assumed that many traps exist at the
Si/buried oxide interface. This is a very unique feature of the self-aligned-gate SOI Lubistor. No plateau in
channel current is seen in a 5-um-long gate device fabricated with a 80-nm-thick SOI layer and a 380-nm-thick
buried oxide layer shown in Fig. 2(b), while a channel current plateau was seen in a 3-um-long gate device
fabricated with a 10-nm-thick SOI layer and a 80-nm-thick buried oxide layer [PET 19].
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This strongly suggests that the gate-induced transverse electric field rules the diffusion length of minority
carriers regardless of trap density, although the thickness of Si layer should be thin in order to physically
confine carriers. Since it is expected that the diffusion constant of carriers is not decreased with the large
dimensions of the device [SAT 15], we should consider that the lifetime of carriers is decreased.
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Figure 3. Schematic device structure of Z2-FET and brief review of I-V transfer characteristics. (a) Device
structure of Z2-FET, (b) Brief review of I5-Vp characteristics, (c) Brief review of Ip-Vg characteristics.

(3) On the other hand, experimental results on trap levels conducted using self-aligned-gate SOI Lubistors
with 10-nm-thick SOI layer suggest that the trap levels for minority carriers are actually shallower than
expected [OMU 07], and that their energy levels become shallow by increasing the gate bias [OMU-1 13, OMU
17]; it is expected that the minority carrier lifetime is increased (relatively speaking), although it is considered
that this behavior of minority carrier lifetime is restricted to a very thin SOI layer (at most 10 nm). It has
already been mentioned that experiments demonstrating shallower trap levels are best interpreted by the theory
proposed by Hoer et al. [HOE 04]. Hoer et al. suggested that trap levels are apparently shallower than real
energy levels in thin-SOI layers due to quantum-mechanical confinement and the multi-phonon process [HOE
04, HUA 50]. However, this phenomenon is not clearly observed at room temperature.

(4) The so-called ‘single-transistor latch’ phenomenon has been clearly observed in thin-SOI MOSFETSs
[CHE 88, GAU 91]. These results suggest that ‘single-transistor latch’ is, as a parasitic bipolar phenomenon,
achieved even when the quality of the SOI layer is not good (the quality of SOI substrates fabricated in the
1980s and 1990s is not good due to high defect densities); the latch trigger is weak impact ionization.

(5) Recently, Ida et al. successfully demonstrated that the ‘PN-body-tied SOI MOSFET” used as an SOI
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MOSFET has a very steep swing [IDA 15]. The current-voltage characteristics are reproduced by assuming a
standard value of minority carrier lifetime [IDA 18]; it is anticipated that the steep swing of the device
substantially stems from the parasitic bipolar phenomenon; the latch trigger is not weak impact ionization.

3. Primary Aspects of Steep Output Characteristics and Steep Transfer Characteristics of Z2-
FET

3.1. Steep Output Characteristics of Z2-FET

Before discussing the theoretical model introduced in this paper, the fundamental characteristics of the Z2-
FET are reviewed and summarized below.

Schematic device structure of Z2-FET and schematic drain current vs. drain voltage (Ip-Vp) characteristics
are shown in Fig. 3 [WAN 12]; Figure 3(a) shows the device structure and Figure 3(b) shows schematic I5-Vp
characteristics, where the insulated gate is aligned with the n*-type drain terminal side and the insulated-gate
doesn’t cover the p+-type source terminal side. It is assumed that the SOI layer is very thin so that the SOI
layer is covered by the gate-electric-field induced free carriers. Ip-Vp characteristics reveal a hysteresis effect
and the hysteresis window width depends on device dimensions and carrier diffusion length. Since the gate-to-
source offset structure doesn’t allow simple double injection in the pn-junction, a relatively high drain voltage
is needed for Thyristor-like switching. Simulation results described in Refs. [WAN 12, WAN 13] suggest the
following points that are critical for desirable steep switching.

(1) When the electron diffusion length exceeds the gate length, the hole diffusion length must be shorter than
the gate-to-source offset length for steep switching.

(2) When the hole diffusion length is longer than the gate-to-source offset length, the electron diffusion
length must be shorter than the gate length for steep switching.

(3) When the electron diffusion length is longer than the gate length and the hole diffusion length is longer
than the gate-to-source offset length, desirable steep switching is unavailable. Although some simulation
results show weak steep switching in a very low range of current under this condition [NAV 17], it is not
available for commercial applications because of its large hysteresis. It is considered that such devices would
exhibit weak latch action.

(4) The potential difference around the boundary region of the Si layer beneath the gate electrode and the
gate-to-source offset region can be created by the above conditions of carrier diffusion lengths ((1) and (2)).
Raising the drain voltage increases the potential difference. When the potential difference reaches a critical
value, Thyristor-like OFF-to-ON switching takes place.

(5) Y. Taur et al. proposed an interesting model to express the above switching behavior [TAU 17].
However, Taur et al. didn’t address the gate-electric-field induced reduction of carrier diffusion length because
the model was designed independently of carrier diffusion length. In practice, numerical values of carrier
diffusion lengths assumed there don’t satisfy the above condition of diffusion length ((1) and (2)) in the model,
which suggests possibility that we must take account of the interplay of minority carrier diffusion lengths,
device dimensions and doping parameters.

(6) An important point is that the carrier diffusion length is quite short for both (1) and (2), which suggests a
very short carrier lifetime (~10 s) as is demonstrated in Refs. [WAN 12, WAN 13, TAU 17, LEE 17, PAR 18,
NAV 17, CRI 18].

Recent papers discussing the physics of Z2-FET address the short carrier lifetimes [LEE 17, PAR 18]. K. H.
Lee et al. suggested the influence of the doping-induced free-carrier concentration or the surface recombination
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on the carrier lifetime [LEE 17]. Although it is well known [SZE-2 07] that high doping levels reduce carrier
lifetime, this phenomenon is observed only under the charge neutral condition. The impact of the gate-electric-
field-induced high-carrier-concentration condition on the carrier diffusion is discussed later again. M. S.
Parihar et al. assumed the influence of traps and SOI substrate quality [PAR 18] on carrier diffusion. In those
papers, the authors stressed the significant impact of short lifetime on the steep switching characteristics of the
Z2-FET.

3.2. Steep Transfer Characteristics of Z2-FET

Although Ip-Vp characteristics were discussed in the above Section 111, it is considered that drain current vs.
gate voltage (Ip-Vg) transfer characteristics are very important from the viewpoint of conventional circuit
design. Examples of Ip-Vg transfer characteristics are demonstrated in Ref. [WAN 12]. A schematic view of
steep subthreshold behavior is shown in Fig. 3(c). The difference between Fig. 3(a) and 3(b) is the fact that the
OFF state is not easily obtained, even when the gate voltage is lowered, which is due to the intrinsic Thyristor
behavior. It is considered that double injection plays an important role in OFF-to-ON and ON-to-OFF
switching of Z2-FET [CHE 88, GAU 91].

4. What Happens in Thin-SOI pn-Junction Devices and Insulated-Gate Thin SOI pn-Junction
Devices?

4.1. Carrier Transport that should be Assumed in an Ultra-Thin SOI pn-Junction Device —
Influence of Longitudinal Electric Field-

Very short diffusion lengths of carriers are currently being assumed when analyzing the 1p-Vp characteristics
of Z2-FETs [WAN 12, WAN 13] as was mentioned in the previous Section Ill. When the diffusion lengths of
electrons and holes are longer than the gate length and the gate-to-source offset length, the device does not
reveal large “S-like” specific steep characteristics because there is no large potential difference around the Si
layer beneath the gate electrode and the gate-to-source offset region.

It has already been suggested that the self-aligned-gate thin-SOI Lubistor’s current vs. voltage characteristics
can be explained by assuming carriers with very short lifetimes [WAK-1 03, WAK-2 03], and that a similar
transport property is reasonable in explaining Z2-FET transfer characteristics regardless of the crystalline
quality of the SOI layer. It is expected that the carrier concentration and the channel current of self-aligned-
gate SOI Lubistor and Z2-FET with a sub-100-nm-thick SOI layer is significantly modified by the gate electric
field as is suggested in Section Il. Although it is not yet clear that a single mechanism originating from
minority carrier lifetimes rules the Ip-Vp characteristics of the Z2-FET, K. H. Lee et al. [LEE 17] and M. S.
Parihar et al. [PAR 18] address the important role of very short carrier lifetimes. This strongly suggests that the
lifetime of minority carriers is likely to be controlled by the transverse gate electric field [OMU-2 13, OMU 83]
because the authors mention that they used a high quality SOI wafer.

When the diffusion length of minority carriers exceeds the insulated-gate length, the channel current of the
self-aligned-gate SOI Lubistor cannot be well controlled as shown in Fig. 2(a) [OMU 83]; this effect is called
intrinsic double injection. This characteristic is easily realized in thick SOI layers because the SOI layer is not
covered by the gate-electric-field-induced free carriers [OMU 82, OMU 83], which strongly suggests that the
physical confinement of the gate-electric-field-induced free carriers does play an important role both in the
unique characteristics of the self-aligned-gate SOI Lubistor and in the steep switching of the Z2-FET. It can be
easily expected that the transverse gate electric field enhances such carrier confinement.

Here, first, an advanced model for the gateless simplified pn-junction device [OMU-4 13] is reviewed in
order to reconsider the transport of carriers in ultra-thin SOI layers and narrow wires; the influence of
longitudinal electric field on the carrier transport is revisited. Following Refs. [PET 19, OMU-4 13], the
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gradient of the quasi-Fermi level is assumed in the depletion region of pn-junction; the schematic energy band
diagram is shown in Fig. 4, where the p-type region is grounded and the supply voltage of Vk (< 0) is applied to
the n-type region. Although Figure 4 doesn’t assume the conventional p*-n or n*-p configuration for simplicity,
the following discussion gives an advanced viewpoint that allows better understanding of the pn-junction
characteristics, and it is universal in the low-doped pn-junction.
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Figure 4. Schematic energy band diagram model of the pn junction assumed in Ref. [OMU-4 13]. Reproduced with
permission from SOI Lubistors (Ed. Y. Omura) ©2013 John Wiley & Sons Singapore Pte. Ltd.

The quasi-Fermi levels (imrefs) ¢en(x) for electrons and ¢rp(x) for holes are defined inside the depletion
region using the following relations for them; that is, we assume for —-Wg,<x<Wgp

@ (X) = B, + E (%), [1]
where

—A (V) <E, (x) <0, 2]
and

¢ (X) = E, + E (%), [3]
where

0<E,(X) <A, (-V,) [4]

Here Eq(x) and Ep(x) give the effective variation in quasi-Fermi levels in the depletion layer (—Wgp<x<Wjgn).
An and Ap are the maximal deviations of the quasi-Fermi levels and are functions of Vk. Ery and Eg, give
Fermi levels of electrons and holes in the quasi-neutral regions, respectively.

The above model posits that an electric field will induce carrier drift in the depletion region. This means we
must start from the following continuity equation in order to derive expressions for the carrier density and
current density around the pn junction. For electron injection into the p-type region, we have

i N, — Mo dF (x) _

D am, F(x) an, _1, n
— Py - +
NG H dx # dx

h oy 0, [5]

Tn
where D, is the diffusion constant of electrons, ny(x) is the local density of electrons, F(x) is the local electric

field stemming from the gradient of quasi-Fermi level, u, is the electron mobility, and T, is the lifetime of
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electrons. The differential equation can be solved by taking the following model, where, for simplicity, we
assume the doping concentration of the n-type region (Np) equals that of the p-type region (Na). A similar
discussion is possible for holes injected into the n-type region.

Here we assume that the local electric field (F(x)) primarily stems from the imref gradient because of the low
doping condition. Given constant electric field F(x) for electrons in the depletion layer, we have

dE,(x) _
qadx

F (X) = I:Dn ! [6]

where it should be noted that Fp, is positive in contrast to the negative space-charge-induced field. This
electric field yields the drift current of carriers in the depletion region.

In solving Eq. [5], it is assumed that the last term is discarded because the doping level of p-type body is low,
and that Fp, consists only of the imref gradient. Electron current density (Jnq) in the depletion layer is given by

n? —-qV, —A n? —qV, —A, /2
L —ex Ll——L —ex — lexp(-LW n.lexpl—-gW, )-1
P, (-W,,) p( kT ] P, (0) p[ kT P(=A W)+ pO[ p(=A ey ) ]

EXp (_aanp ) —exp (_ﬂanp )

n? —qV, —A, /2 n? —qV, —A
i n —a W, )-— n 1-exp(-a,W
0 exp[ - jexp( aW,, ) pp(_de)exp( T +np0[ exp(-a, dp)]

‘]nd = anan

p B
+qD :
ab, 4, exp (—aanp ) —€Xp (_ﬂnwdp )
n? —qV, —A, /2
0, o — exp( T j ! .
> p,0) kT

where q is the magnitude of elementary charge, and parameters o, and 3, are expressed as

2
_qFDn+ [qFDnJ +i

kgT kg T L?
= [8]
2
B qFDn _ qFDn + i
kg T Ky T L
B, = 5 : [9]

where o, > 0 and B, < 0. L, is the diffusion length of electrons given by (Dnz)Y2, and it is anticipated that it
has the standard value in the quasi-neutral p-type region. B, contributes to the effective diffusion length of
electrons in the p-type region. The above electron current (and hole current, not shown here) in the depletion
region must be followed by the conventional diffusion current of minority carriers in the quasi-neutral p-type
region given that current continuity is maintained. The current continuity is automatically maintained by the
imref gradient itself. The total junction current density (Jx) is given by [OMU-4 13]

Jy=Jpy +dyg +J,+J,

—qV, —A_(-V _ _ _
:de+Jnd+Jp0{exp{ MG ” Tp( K)}—l} +Jno{exp|: gV —A( VK):|_1}, [10]
B

KgT
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In Eq. [10], Jyo and Jno follow Shockley’s definitions. The lack of the imref gradient (An=Ap=0) in the
depletion region means that Jng (and Jpq in Eq. [10]) makes no contribution to the total current density, i.e., the
expression of the total current is reduced to the conventional Shockley equation.

In the quasi-neutral p-type region, the continuity equation for electrons is given by the conventional
Shockley approach. The equation must be solved while taking account of the boundary condition at the edge of
the depletion layer, shown in Fig. 4; according to Shockley’s assumption, the effective potential difference at
the edge of the depletion layer is given by —Vk-Ap/q. The electron density profile in the quasi-neutral p-type
region is thus easily derived from the continuity equation.

We must assume that the nano-scale wire pn-junction has much higher local serial resistance than the
conventional planar (or bulk) pn-junction; this suggests that the local gradient of the quasi-Fermi level of the
wire has a finite value. It is considered that this understanding yields a better view of carrier transport even in
ultra-thin SOI pn-junction devices.
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Figure 5. Calculation results of 1/a,L,, and 1/|3,L,| as a function of Fp, at room temperature [OMU-4 13, PET
19]. Reproduced with permission from Advances in Engineering Research, vol. 29 (Ed. Victoria M. Petrova)
©2019 NOVA Science Publishers, Inc.

In order to visualize the behavior of o, and B, for example, we show the calculation results of 1/a,L, and
1/|4.Ly| using o, and B, of Egs. [8] and [9] in Fig. 5 as a function of Fp, in units of V/um because a, and B
represent effective diffusion lengths. It is easily shown by using Eq. [7] that B, rules the pn-junction current
when |Bn|>an. Thus, it is seen that 1/|5,L,| is decreased as Fpy is increased, and that it is very sensitive to Fp.
Since we can expect the imref gradient to be present in ultra-thin SOI layers and narrow wires, it is considered
that the above theoretical prediction given by Egs. [7], [8], and [9] will be appropriate when the carrier lifetime
in the gate-to-source offset region of Z2-FET is considered.

4.2. Impacts of Insulated-Gate on Minority Carrier Diffusion in an Ultra-Thin SOl pn-Junction
Device

Second, the behavior of the quasi-Fermi levels of minority carriers beneath the insulated-gate is discussed, as
is the influence of the physical confinement and the transverse electric field on the carrier transport. The
following assumes the schematic device structure (the self-aligned-gate SOI Lubistor [OMU 82, OMU 83])
shown in Fig. 1(a). In addition, it is assumed that the SOI layer is thin enough that the gate-electric-field-
induced carriers cover the whole region of the SOI layer, and that there exist many traps at the Si/buried oxide

interface.
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When a negative voltage is applied to the gate electrode, the energy band diagram of the device is expected
to follow Fig. 6(a). It is thought that a negative gate voltage (Ve <0) makes the quasi-Fermi level of holes
almost flat beneath the insulated gate because the body region is p-type. But the possible conduction path of
electrons injected from the cathode is almost completely removed because the traps near the Si/buried oxide
interface pin the imref of electrons at the intrinsic Fermi level; this is the “OFF state” of self-aligned-gate SOI
Lubistor [OMU 83]. This “OFF” state is realized by the increase in the hole concentration induced by the gate
electric field [OMU 83]. This also suggests a shorter diffusion length (shorter lifetime) of electrons under the
insulated gate because the holes induced by the gate electric field significantly suppress the local electron
density near the cathode [OMU 82, OMU 83].

When double injection is assumed in the insulated-gate pn-junction device, Shockley allowed the following
approximate relation [SHO 49] in order to derive the simplified pn-junction current equation.

t t —qV,
[ s (e, y)dy[ "N, (Ve y)dy ~ tin? exp{%}, [11]

B

where ts is the SOI layer thickness, n; denotes the intrinsic carrier concentration of the three-dimensional
intrinsic silicon, and the semi-classical condition is assumed for the SOI layer because the SOI layer thickness
is not extremely thin. pp(Ve,y) and ny(Ve,y) are the in-depth profiles of the gate-electric-field-controlled density
of holes and electrons, respectively. Equation [11] usually yields the forward-biased current of the pn junction
[SHO 49].

In the self-aligned-gate SOI Lubistor, however, the “OFF” state is realized even when forward bias is
applied to the n-type cathode of the self-aligned-gate SOI Lubistor [OMU 83]. Following Shockley’s idea
[SHO 49], one possible way to realize the “OFF” state is to apply the following relation to regions near the
cathode and the anode of the device.

[12]

t t
IO p'D(VG,y)dyJ'0 n, (Vg y)dy ~t’n? exp{ T

a[ -V, +®g (Vs )]}

where ®g is an effective body potential to suppress electron injection from the cathode and a function of the
gate voltage (Vs). The negative value of ®g suppresses electron injection from the cathode; this idea is
supported by the experimental results of the body potential [OMU-5 13]. We will have the following relation
near the cathode.

; q| -V, + D¢ (V. :
I; n, (Vs,y)dy . ~t2n? exp{ [V ” TG( Gﬂ}/jot P, (V. y)dy [13]
B

When @ is sufficiently negative, it is expected that the value of the right-hand side of Eq. [13] is very small
because the hole concentration of the body region is quite high.

On the other hand, when positive gate voltage (V¢ >0) is applied to the insulated gate, the quasi-Fermi level
of electrons beneath the insulated gate is not so flat because holes wait for excess electrons injected from the
cathode. This significantly inclines the quasi-Fermi level of electrons under the insulated gate because the
possible conductive path of electrons injected from the cathode is primarily near the top surface of the SOI
layer. The quasi-Fermi level of holes is also inclined by the recombination with electrons. A possible energy
band diagram is shown in Fig. 6(b); this is “ON state” of the self-aligned-gate SOI Lubistor. This phenomenon
is observed when the diffusion lengths of carriers are shorter than the insulated-gate length; Ix-Vk
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characteristics shown in Fig. 1(c) and Ia-Va characteristics shown in Fig. 2(b) are observed. Otherwise, the
simple Ia-Va characteristics shown in Fig. 2(a) are observed.

It is easily anticipated that the feature of junction current depends significantly on how carrier diffusion is
ruled by the local gate electric field condition in the physically confined SOI layer. In Refs. [OMU-4 13, OMU
96], it is assumed that the diffusion process of minority carriers plays an important role in the transport, and
they posit the following expression for insulated-gate pn-junction devices.

Gate electrode

Gate electrode

| Z
panoderegion  p-typeregion n- cathode region \ p*anode region  P-type region  n’ cathode region

[l
T | v

0 X 0 X

(a) (b)

»

Gate electrode

Gate electrode

n* cathode region ™ n-type region
p* anode region n" cathode region

n-type region

; i IO ¢
(c) (d)

Figure 6. Schematic energy band diagrams models of the insulated-gate pn junction devices. The junction
configuration of the self-aligned-gate SOI Lubistor is the same as that assumed in Ref. [OMU 83, OMU-6-13]
although its polarity is the counterpart of the Z2-FET shown in Ref. [WAN 13]. It is assumed for simplicity that
the substrate is grounded. (a) Negative voltage is applied to the gate of self-aligned-gate SOI Lubistor (OFF
state), (b) Positive voltage is applied to the gate of self-aligned-gate SOI Lubistor (ON state), (c) OFF state of

offset-gate SOI Lubistor and Z2-FET, where a negative voltage is applied to the gate electrode and a small
negative voltage is applied to the n-type cathode (drain of Z2-FET), (d) ON state of self-aligned-gate and Z2-

FET, where, for example, a small negative voltage is applied to the gate electrode, but a large negative
voltage is applied to the cathode (drain of Z2-FET).

Je =J,+d, = ‘]po(\/e){e)(p[%}_l} +Jno(ve)|:eXp(%j_l:|' [14]

B
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where Jyo(Ve) and Jno(Ve) are empirically expressed as

Jpo(Vs) = jts 405 PV Fop. y)dy, [15]

0 tSLP(\/G'FDpiy)

tS ann (\/ ’Fn7y)
3,0MVe) = poel D 2y

Ys, 16
0 tSLn(VG’FDn’y) [ ]

where Ly(Ve, Fop, ¥) and Ln(Ve, Fon, Y) are the in-depth profiles of the gate-electric-field-controlled diffusion
length of holes and electrons, respectively.

The electron inversion layer created by the positive gate voltage deeply covers the SOI layer because the full
depletion of the SOI layer makes the potential almost flat in depth [BAL 87], and the following relation is also
expected [OMU-3 13, SHO 49, OMU 96].

tg tg
[ Py Ve, Fop, Y)Y [ "1 (Vs Py, y)y

ztszniz exp{_qVK +Dg (\/G)}
KgT
—qV, + Qv
~tZn’ exp{ a KkTCW G}, [17]
B

where y (>0) is the dimensionless coefficient that contributes to the increase in the electron concentration in the
SOl layer. Itis given as

1
y= : [18]
1+1( CSCBOX j
Cox Cs +CBOX

where Cox is the gate oxide capacitance, Cs is the SOI layer capacitance, and Cgox is the buried oxide
capacitance.

In the “ON state”, positive gate voltage increases Ny(Ve, Fon, ¥) in EQ. [17]. However, those electrons
should recombine with holes coming from the anode, which suggests Ln(Vs, Fpn, ¥) is very sensitive to the gate
voltage and is forced to be shorter than the insulated-gate length if the SOI layer thickness beneath the gate
electrode is very thin. Lp(Vs, Fpp, Y) is also shorter than expected because holes are wasted by their
recombination with electrons.

When we introduce the following approximation,

S
_[0 ab, p, (2 Fop y)dy
&
[ Lo (Ve Fop ey

Joo(Ve) = : [19]

ts
_[0 annp (VG’ I:Dn’ y)dy
ts
J.O Ln (VG' I:Dn' y)dy

Joo(Ve) : [20]
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Eq. [14] can be rewritten as

. aD,tsn . aD, Ny
K = et ts ts ts
| [, Lo OVe: Fop Y)Y [ 1, Ve Fop V)Y [ LV Fon V)Y [ Py (Ve o Y)Y
coxp M] [21]
KgT

where Eq. [17] is used. This equation can be simplified to

N qD,tsn’ . qD, t,n? exp(_ZqVK +qpV, j 22]
~ t tg !
NoJ, Lo Ve Fop Y)Y N, f[7 L, (Ve Fon, Y)Y kaT

where Np and N, are the averaged doping concentration of donors and acceptors, respectively. The validity of
Eq. [22] can be easily examined using current vs. voltage characteristics of region © shown in Fig. 1(c) and in
Fig. 2(b). In addition, Equation [22] reveals the following:

(1) When values of Ly(Vg, Fopp, ¥) and La(Ve, Fon, Y) are very small, Jk takes a very large value. This yields
the visible plateau in Fig. 1(c), although the leakage current of reverse-biased devices should be increased. This
is the case of carriers with short lifetime.

(2) When values of Ly(Vg, Fpp, ¥) and La(Ve, Fon, y) are very large, Jk takes a very small value. This means
the annihilation of visible plateau in Fig. 1(c), although the leakage current of reverse-biased device should be
reduced. This is the case of carriers with long lifetime.

The above suggestions given by Eq. [22] are very meaningful in the following discussion.
4.3. Offset-gate SOI Lubistor and Z2-FET

This paper now addresses the Z2-FET transfer characteristics. Figure 6(c) shows the schematic
energy band diagram of the “OFF” state Z2-FET and Figure 6(d) that of the “ON” state (not transient
state) Z2-FET, where the p**-n-n"" configuration is assumed to allow comparison with the offset-gate
SOI Lubistor [OMU 83, OMU-6 13]. It is also assumed for simplicity that the substrate is grounded.
Ik vs. Vi current characteristics of the offset-gate SOI Lubistor are shown in Fig. 7 [OMU 83]. The
offset-gate SOI Lubistor reveals bipolar action similar to the Z2-FET, although its S-like switching
voltage is higher than that of the Z2-FET because the gate length is very long (5 um) [OMU 83, OMU-
6 13].

In the “OFF state” Z2-FET and the offset-gate SOI Lubistor shown in Fig. 6(c), a negative voltage is
applied to the gate electrode and a negative, but small, voltage is applied to the n-type drain. A hole
inversion layer is created beneath the gate electrode; the injection of electrons from the drain is
suppressed because the electron diffusion length is shorter than the gate length so the drain bias is too
low to induce electron injection from the drain. Even when the negative voltage to the gate electrode
rises up to the energy barrier between the gate-to-source offset region and the body region beneath the
gate electrode, desirable OFF-to-ON steep switching does not easily take place if the specific
requirements of the electron diffusion length and the hole diffusion length mentioned in Section I11-A
are not satisfied.

Desirable OFF-to-ON steep switching takes place when the drain bias takes a certain value higher
than the potential difference between the gate-to-source offset region and the body region beneath the
gate electrode and the specific requirements of carrier diffusion lengths described above are satisfied.
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Ambipolar leakage current due to electrons and holes between the gate-to-source offset region and the
body region beneath the gate electrode break the potential barrier. The possible schematic energy band
diagram in the “ON state” after the transient process is shown in Fig. 6(d), where quasi-Fermi levels of
electrons and holes are split off. The carrier flow beneath the gate electrode is expected to form the
ambipolar current due to the gate electric field although it is intrinsically the bipolar current in the gate-
to-source offset region. Thus, it is anticipated that these “OFF state” conditions and the OFF-to-ON
switching behavior of Z2-FET are roughly the same as the bipolar action of the offset-gate SOI
Lubistor, see Fig. 7.

Breakdown

(a) (b)

Figure 7. Ix-Vk transfer characteristics of the offset-gate SOI Lubistor [OMU 83]. The gate length is 5 yum. The

buried oxide is 470 nm thick. The parasitic bipolar action is seen at the cathode voltage of about -20 V and at

the gate voltage of 0 V. Reproduced with permission from SOI Lubistors (Ed. Y. Omura) ©2013 John Wiley &
Sons Singapore Pte. Ltd. (a) Whole view of Ix-Vk characteristics, (b) A local view of I-Vi characteristics.

In the “OFF state” Z2-FET and the offset-gate SOI Lubistor shown in Fig. 6(c), a negative voltage is applied
to the gate electrode and a negative, but small, voltage is applied to the n-type drain. A hole inversion layer is
created beneath the gate electrode; the injection of electrons from the drain is suppressed because the electron
diffusion length is shorter than the gate length so the drain bias is too low to induce electron injection from the
drain. Even when the negative voltage to the gate electrode rises up to the energy barrier between the gate-to-
source offset region and the body region beneath the gate electrode, desirable OFF-to-ON steep switching does
not easily take place if the specific requirements of the electron diffusion length and the hole diffusion length
mentioned in Section I11-A are not satisfied.

Desirable OFF-to-ON steep switching takes place when the drain bias takes a certain value higher than the
potential difference between the gate-to-source offset region and the body region beneath the gate electrode and
the specific requirements of carrier diffusion lengths described above are satisfied. Ambipolar leakage current
due to electrons and holes between the gate-to-source offset region and the body region beneath the gate
electrode break the potential barrier. The possible schematic energy band diagram in the “ON state™ after the
transient process is shown in Fig. 6(d), where quasi-Fermi levels of electrons and holes are split off. The carrier
flow beneath the gate electrode is expected to form the ambipolar current due to the gate electric field although
it is intrinsically the bipolar current in the gate-to-source offset region. Thus, it is anticipated that these “OFF
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state” conditions and the OFF-to-ON switching behavior of Z2-FET are roughly the same as the bipolar action
of the offset-gate SOI Lubistor, see Fig. 7.

Finally, some points are addressed. We can assume that nano-scale pn-junction devices have larger local
body resistance than bulk pn-junction devices, and thus that they exhibit a gradient in the local quasi-Fermi
level in the forward-bias pn-junction. Nano-scale pn-junction devices with the gate-all-around MOS structure
surrounding the body region are expected to exhibit a transport phenomenon similar to the above because the
insulated-gate-induced electric field forcibly shortens the minority-carrier diffusion length. This satisfies the
physical condition of steep switching of Z2-FET that has been mentioned in Section Ill. Thus, it is considered
that the insulated-gate-electric-field-induced reduction and the longitudinal-electric-field-induced reduction of
minority-carrier diffusion length are the primary physics triggering the steep transfer characteristics of the “Z2-
FET”.

5. Conclusion

This paper briefly reviewed the physics and conditions determining the unique characteristics of SOI
Lubistor and Z2-FET, and introduced advanced physics that should be considered in designing such specific
thin SOI pn-junction devices. Based on theoretical considerations, this paper has suggested that the lifetime of
minority carriers of Si nano-scale wire pn-junction devices and ultra-thin silicon-on-insulator pn-junction
devices is reduced by the longitudinal and transversal electric fields even when the material quality is quite
high. While this unique behavior of minority carrier diffusion has not been discussed comprehensively so far,
this paper suggests that the theoretical model described here gives a possible appropriate understanding of
device characteristics; that is, the reductions in the carrier lifetime due to the longitudinal electric field and/or
the insulated-gate-induced transverse electric field yield the desirable steep switching behavior of Z2-FET. In
addition, this paper demonstrated that the output characteristics of Z2-FET are very similar to those of the
offset-gate SOI Lubistor, where it is anticipated that the gate length and the gate-offset-region length are much
longer than carrier diffusion lengths of electrons and holes. Thus, the steep switching behavior of Z2-FET can
be explained by assuming the above carrier transport aspects. The discussion in this paper will remain valid
even in future nano-scale pn-junction structures.
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