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Vertical static induction transistors (SITs), with vertically arranged source, porous gate, and drain elec-
trodes, were proposed in 1950s and have recently gained new attention because of their suitability as
flexible substrates and for hybrid integration with light-emitting diodes. However, the understanding of
them is hindered by Schottky gate leakage and relies on case-by-case simulations. Here, we derive concise
expressions for the channel potential and current-voltage characteristics for ideal SITs, including the sub-
threshold swing, threshold voltage, and above-threshold region. The theory is verified by two-dimensional
device simulation and agrees well with the reported experimental results. An ideal SIT can be approxi-
mated as a partially gated transistor in parallel with a resistance and needs a sub-500-nm pore diameter to
exhibit sharp switching in transfer scanning and good saturation in output scanning. The proposed theo-
ries connect the device structure and electrical characteristics of SITs concisely, and conclusions are also
applicable to permeable base transistors.
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I. INTRODUCTION

Field-effect transistors (FETs) have been key compo-
nents for logic computations, information display, biosens-
ing, optoelectronics, etc. [1–3]. To meet the rapidly
increasing demands for high-resolution displays, such as
organic light-emitting diodes (OLEDs) and micro-LEDs,
FETs should work under conditions of high operation fre-
quency and current density [4–6]. Shortening the channel
length L is the most direct way to ensure this, but this
suffers from high production costs in an expensive lithog-
raphy process [7,8]. Another alternative approach is the use
of a vertical FET, whose vertical channel length is the sub-
micron thickness of the semiconductor. Because of vertical
transport, vertical FETs exhibit the benefits of submicron-
channel FETs, and have great potential for integrating
with OLEDs and applications in flexible electronics [9–
11]. Therefore, vertical FETs have aroused attention in
recent years and have been applied with organic semi-
conductors, oxide semiconductors, two-dimensional (2D)
materials, and other novel materials, such as perovskite
[11–16].

Among various vertical FETs, vertical static induction
transistors (SITs) were proposed under the name “ana-
logue transistors” as early as the 1950s [17]. They are also
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known as vertical triode and space-charge-limited transis-
tors [9–11,18,19], achieved with inorganic semiconductors
(SiC [20], GaAs [21], GaN [22,23], etc.) and organic semi-
conductors (also taking the form of an organic permeable
base transistor) [24–26]. A summary of various types of
SITs is shown in Fig. 1. In permeable base transistors,
the vertical field between the emitter and collector drives
carriers to transport vertically. The potential of the base
electrode (gate) controls whether the carriers pass through
the nanometer-sized pinholes in the base. One of the sig-
nificant advantages of SITs is the feasibility of getting a
cutoff frequency higher than that of lateral FETs due to the
short channel length [26]. Permeable base transistors have
achieved a record high transition frequency of 40 MHz
[27] and the expected frequency is over 1 GHz [38], but
such devices are still limited by reproducibility in fabrica-
tion processes [39]. In comparison, SITs can be regarded as
the modified version of organic permeable base transistors
as shown in Fig. 2(a), where the dielectric layers are cov-
ered above and below the porous base electrode. For SITs,
it is possible to have low off-state current and to optimize
the device performance by altering the aperture on the base
electrode or the thickness of the semiconductor. However,
despite the proposed mechanisms for the operation of per-
meable base transistors [40–43], clear device physics and
concise current-voltage relations for complicated SITs are
still lacking. Although vertical FETs have been extensively
studied by experiments and numerical simulation [44–46],
efforts to predict their operation with analytical models or
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FIG. 1 Categories of vertical static induction transistors, summarized from references [21,22,26–37].

simplified models have mainly focused on vertical transis-
tors with an electrode arrangement different from that of
SITs; in the modeled transistors, drain, source, and gate
have been arranged from the top to the bottom [47,48].

In this work, the device physics and electric perfor-
mance of vertical SITs are investigated. We first dis-
cuss the ideal structure of SITs and the mechanisms by
device simulation, especially considering how to pre-
vent the reverse current. Then, we derive the expressions

for electrostatic potential inside the channel region and
the current-voltage equations of SITs according to the
equivalent circuit. Based on these theories, we estab-
lish the connection between the structural parameters and
electrical properties in subthreshold, transfer, and output
characteristics, which are also applicable to permeable
base transistors. Finally, we conclude with suggestions on
optimizing device structure for designing and fabricating
SITs.

(a)

(b) (c)

(d)

(e)

FIG. 2 Device concepts and simulated electrical properties. (a) Device structure of a SIT. (b),(c) Cross-sectional views of SITs in
Schottky structure and surrounded structure, respectively. (d),(e) Simulated output curves of SITs in Schottky structure and surrounded
structure. For p-type semiconductors, the positive drain current is identified as the reverse current.
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II. IDEAL VERTICAL STATIC INDUCTION
TRANSISTORS

According to the fabrication processes of SITs, the
porous aluminum gate electrodes are usually made using
top-down methods, such as the polystyrene sphere lift-
off method or nanoimprinting [10,11,19]. Then, oxygen
plasma treatment is applied to etch a channel area and
to form aluminum oxide as the top dielectric layer,
suppressing leakage current between gate and top elec-
trodes. However, in some simulation studies, gate elec-
trodes are surrounded by the oxide dielectric layer [49].
These two structures are referred to here as “Schottky
structures” without the sidewall dielectrics with Schot-
tky leakage [17] [Fig. 2(b)] and “surrounded structures”
with the sidewall dielectric SITs [Fig. 2(c)]. We investi-
gate them by simulation using technology computer-aided
design (TCAD) with the material and geometric parame-
ters summarized in Supplemental Material Table S1 [50].
The following study is based on a p-type channel and
the discussion can also be applied to an n-type channel.
The basic equations for numerical simulation include the
Poisson equation, carrier continuity equations, and drift-
diffusion equations learned from the theory of semicon-
ductor physics and device principles [51]. The boundary
conditions are set as Dirichlet boundary conditions for
Ohmic contacts, where the surface potential φs and the
carrier concentration are continuous. In the case with an
injection barrier height (qφb) at the metal-semiconductor

interface, Schottky contacts are modeled and the surface
potential is given by φs = χ + Eg/(2q) + ln(NC/NV) ×
kT/(2q) − φSD + V, where the work function of the source
or drain electrodes φSD = χ + Eg/q − φb, in which χ is
the electron affinity potential, Eg is the band gap, k is the
Boltzmann constant, T is temperature, NC and NV are effec-
tive density of the conduction band and valance band, and
V is the applied bias. The setting of the mesh and region in
the simulation are shown in the Supplemental Material for
the single-gate device and multigate device.

In the Schottky structure [Fig. 2(b) and the left panel
of Fig. 3], gate electrodes are in direct Schottky contact
with semiconductors. The equivalent circuit is that two
Schottky diodes are connected back-to-back [Fig. 3(e)]. As
in a bipolar junction transistor, the source-gate (emitter-
base) diode and drain-gate (collector-base) diode operate
in forward and reverse bias, respectively. The simulated
I-V curves are distinct from those of conventional FETs,
as shown in Fig. 2(d) and Supplemental Material Fig. S2
[50]. If VD satisfies |VD|> |VG + VBI|, where VD and VG
are the applied voltages of drain electrode and gate elec-
trode, respectively, VBI represents the built-in voltage of
the Schottky diode, the drain-gate diode operates in for-
ward bias and the device exhibits a large positive drain
current. The leakage current flows into the gate from both
the source and drain electrodes [Fig. 3(a) and 3(d)] and
causes unstable current directions, narrowing its effective
working region [32]. Although the reverse current can be
suppressed with Schottky contact in the drain (collector)

(a) (b) (c)

(d) (e) (f) (g) (e)

FIG. 3 Current distribution and device operation. (a)–(c) TCAD-simulated 2D distribution of current density in the semiconductor
of Schottky and surrounded structures. (a) Schottky structure with the applied voltage of VG =−1.5 V and VD =−0.1 V. (b),(c)
Surrounded structure with the applied voltage of VG = −1.5 V and VD =−0.1 V, or VG =−1.5 V and VD = −3 V. (d) Schematic
representations of the current direction for Schottky structure corresponding to (a). (e) Equivalent circuit of Schottky structure. (f)–(g)
Schematic of current direction and operation mode for surrounded structure corresponding to (b),(c), respectively. (h) Equivalent circuit
of surrounded structure. R1 and R2 represent the resistances of the nongated channels near the source and drain, respectively.
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electrodes, the overall current would be reduced [18], as
simulated in Supplemental Material Figs. S2(c) and S2(d)
[50]. Schottky contacts are used in the simulation of the
Schottky structure in Sec. II [Figs. 2(d) and 3(a)], whereas
Ohmic contacts are used for the simulation of the sur-
rounded structure in Secs. II–V (Figs. 2(e), 3(b), and 3(c),
and all the other figures).

In comparison, the surrounded structure [Fig. 2(c) and
the right panel of Fig. 3] is more like a traditional tran-
sistor. The surrounded dielectric layers eliminate the gate
leakage (Supplemental Material Fig. S3 [50]). To have
large injection areas, the top electrodes, rather than the bot-
tom ones, are taken as the source electrodes (Supplemental
Material Fig. S4 [50]). The surrounded structure SIT can
be taken as a partially gated transistor and a resistance
Rmiddle in parallel [Fig. 3(h)]. For example, at VG =−1.5 V
and VD =−0.1 V, injected carriers mostly transport along
the interface of the dielectric layer (near the sidewall of
the pores) due to the much lower resistance [Figs. 3(b)
and 3(f)]. When increasing |VD|, the resistance controlled
by the gate gradually increases, but the resistance of the
pore channel Rmiddle gradually decreases (as explained in
Sec. V) [52], so that most carrier transport and current
density are in the middle of the pore [Figs. 3(c) and 3(g)].

According to these results, the surrounded structure is
more in accordance with reported experimental results in
the references as listed previously, indicating that the oxide
dielectric layers may surround the porous electrodes after
O2 plasma treatment in SITs. The structure is somewhat
similar to gate-all-around (GAA) transistors [53,54] or
permeable base transistors if the pore diameter is in the
submicron scale. As the spontaneous sidewall dielectrics
may not be enough to prevent leakage current at high volt-
ages, additional surrounding dielectrics on the porous gates
are needed [55]. We focus on the surrounded structure SIT
in the following.

III. ELECTROSTATIC POTENTIAL

The electrostatic potential within the semiconductor
near the gate is related to carrier density and electric field,
and needs to be understood to reveal the device physics and
working mechanism of the SIT. The potential distribution
is first discussed for separate, single-gate electrodes and
then for dense, adjacent gate electrodes. Note that the fol-
lowing surrounded structure model cannot be directly used
for the Schottky structure as the latter case has leakage
current from the gate to the source or drain electrodes.

First, when the pore diameter D is large, the coupling
between gate electrodes is negligible and the transistor can
be regarded as having separate single gates. In the horizon-
tal plane [the red dashed line in Fig. 4(a)], the influence
of the vertical field is assumed to be equal. The poten-
tial of the gate electrode (at x = −20 nm) is set as zero
when VG = 0 V. The potential within the semiconductor

φ(x) follows the Poisson equation

d2φ(x)
dx2 = −ρ(x)

εSC
. (1)

The electric displacement vector �D is assumed to be con-
tinuous at the semiconductor-dielectric interface [56], i.e.,
possible free charges at the interface are not considered,

�D = �ESC0εSC = �Eox0εox, (2)

where εSC is the permittivity of the semiconductor and ρ(x)
is the total space-charge density, εox is the permittivity of
the dielectric, ESC0 and Eox0 are the interface electric field
of the semiconductor and dielectric, respectively. Notice
that the impacts of fringe fields and boundary conditions
away from the gate have been included in the numeri-
cal simulation (see Supplemental Material Figs. S6 and
S7 [50]). Even though fringe fields and boundary condi-
tions at the semiconductor-dielectric interface away from
the gate are not included in our theory of φ(x), the concise
model captures the potential provided by numerical simu-
lations except for one case. This is shown in detail in the
following.

To give a simplified solution, we consider carrier density
to be related to the local potential φ(x) by a Boltzmann
distribution and use the approximation expansion in Eq. (1)
(see Supplemental Material for details [50]). The solutions
in the semiconductor (x > 0) or the dielectric (x < 0) are
simplified as [48]

φ(x) ∼= φ∞ + (φ0 − φ∞)exp
(

− x
LD

)
, (x ≥ 0); (3)

φ(x) = φ0 + φ0 − VG

tox
x, (x < 0), (4)

where tox is thickness of sidewall dielectric; LD is
the Debye length, LD =

√
εSCkT/[q2(p0 + n0)]; k is the

Boltzmann constant; T is the temperature in kelvins; p0
and n0 are hole density and electron density, respectively,
at x = ∞; and φ0 and φ∞ are the potentials at x = 0 and
x = ∞, respectively. To better describe the practical tran-
sistors, the stretched exponential form (x/LD)γ replaces
(x/LD), due to the simplified first-order Taylor expansion
[48]. For the boundaries, φ0 can be solved by substitut-
ing ESC0 and Eox0 [the derivatives of Eqs. (3) and (4)] into
Eq. (2). Then φ∞ could be solved as the potential along
the y direction at x = ∞ approximates the linear distribu-
tion E = [(φ∞ − (VS + φBI)]/d1 = (VD + φBI − φ∞)/d2.
Here, φBI represents the built-in potential between semi-
conductor and gate, φBI = φb − (EF − EV)/q; d1 and d2
are film thickness as illustrated in Fig. 2(b); EV and EF are
the maximum energy of valance band and Fermi energy,
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(a) (b) (c)

(d) (e) (f)

FIG. 4 Potential distribution along the gate electrode in a single-gate electrode device. (a) Schematic shows the potential along the
gate electrode φ(x) at various VD and fixed VG, corresponding to output characteristics. (b) The φ(x) as a function of x at output
scanning at VG =−1.5 V, VD = 0 to −3 V. (c) Enlargement of (b) at the interface of the gate electrode. (d) Schematic of φ(x) at various
VG and fixed VD, corresponding to transfer characteristics. (e) The φ(x) as a function of x in transfer scanning at VD =−1.5 V, VG = 1.5
to −3 V. (f) Enlargement of (e) at the interface of the gate electrode. In (b),(c),(e),(f) dots are TCAD simulation, and the curves are
fitted by Eqs. (3) and (5).

respectively; φb is energy offset between gate work func-
tion and EV; and the source electrode is grounded with
VS = 0 V. The solutions of φ0 and φ∞ are

φ0 = Cox

Cox + C′
SC

VG + C′
SC

Cox + C′
SC

φ∞; (5)

φ∞ = φBI + d1

d1 + d2
VD. (6)

Here C′
SC = γ εSC/Lγ

D represents the corrected semicon-
ductor capacitance. The Eqs. (3)–(6) describe potential
distributions in the horizontal direction.

The Eqs. (3)–(6) are used to fit the extracted poten-
tial from the 2D simulated device in output scanning
[Fig. 4(a)], where the potential φ(x) has a fixed VG and
varying φ∞ due to scanning VD, and in transfer scan-
ning [Fig. 4(d)], where φ(x) has a fixed φ∞ (due to the
fixed VD) and varying VG. In the off-state with VG > φ∞
[Figs 4(a) and 4(d), red curves], the theory of φ(x) pro-
vides a good fit in both transfer and output scanning to
numerical simulation, as shown in Figs. 4(b) and 4(e),
including the semiconductor-dielectric interface [Figs. 4(c)

and 4(f)]. The same set of parameters (LD = 245 nm,
γ = 0.77, d1= 0.75 μm, d2= 0.5 μm) are used, where d1
is smaller than that in the simulated device because of
the band bending around the contact between the source
and semiconductor. Here, LD, d1, and d2 are fixed, γ is
the fitting parameter, and φ0, φ∞, and φ(x) are calcu-
lated by using Eqs. (3)–(6). In the on-state with VG < φ∞
[Figs. 4(a) and 4(d), blue curves], holes are accumulated at
the semiconductor-dielectric interface, which prevents the
gate electric field from penetrating into the semiconductor
and results in a sharp increase of potential. Thus, φ0 can-
not be directly calculated from the previous analysis and
the extracted values are substituted into the model. The
concise model and the simulations are generally consis-
tent except for the cases with a small |VD| (e.g., VD = 0 or
−0.5 V). This is because, when VG < φ∞ (i.e., small |VD|),
many carriers are accumulated at the sidewall of the dielec-
tric, leading to a sharp increase in the electric displacement
vector, and the approximation given by Eq. (2) is not appli-
cable. Nevertheless, the theory is generally consistent with
the simulation results.

Second, when the pore diameters are small, the cou-
pling effects from the adjacent gate electrodes should
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be considered. The potential distribution is symmetric
with respect to the center of the pore (x = D/2), i.e.,
φ(x = 0) = φ(x = D). Thus, φ(x) in Eq. (3) for a single
gate should be rewritten for the multigate case. First, φ(x)
within the gate dielectric (x < 0 or x > D) is

φ(x) =
{

φ0 + φ0−VG
tox

x, (x < 0)

φ0 + φ0−VG
tox

(D − x), (x > D)
. (7)

The boundary φ0 is (see Supplementary Material for
details [50])

φ0 = Cox

Cox + C′′
SC

VG + C
′′
SC

Cox + C′′
SC

φ∞,

where C
′′
SC = dη(x)/dx|x=0εSC denotes corrected semicon-

ductor capacitance for simplicity [50]. Here,

η(x) = 1 − exp
[
−

(
x

LD

)γ ]
+ exp

[
−

(
D
LD

)γ ]

− exp
[
−

(
D − x

LD

)γ ]

increases with D and is between 0 and 1 (γ is close to 1).
Second, φ(x) within the semiconductor (0 ≤ x ≤ D) is

φ(x) = φ0 +
(

φBI − φ0 + d1

d1 + d2
VD

)
η(x)

≈ [1 − η(x)]VG + η(x)
(

d1

d1 + d2

)
VD

+ η(x)φBI, (0 ≤ x ≤ D), (8)

where φBI is the built-in potential between the semiconduc-
tor and the gate. The approximation in Eq. (8) holds when
the dielectric thickness is very thin so that C

′′
SC 	 Cox.

The Eqs. (7) and (8) describe the potential distribution
along the gate electrodes in SITs. For SITs with different
pore diameters, φ(x) is extracted during transfer or output
scanning [dots in Figs. 5(c)–5(f)]. The calculated poten-
tial distributions are highly consistent with the numerical
simulation results [curves in Figs. 5(c)–5(f)]. We perform
a simulation for the multigate case (using the zero deriva-
tive at the boundaries) and extract one of them to show
in Figs. 5(c)–5(f), as the potential distributions in differ-
ent pores are almost the same. The fitting parameters for

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 5 Potential distribution with different pore diameters D and the impacts on electric characteristics. (a) Transfer curves for SIT
with D = 300 or 1000 nm at VD =−5 V, VG = 3 to −10 V. (c),(e) The potential φ(x) distribution in SIT with D = 300 or 1000 nm
corresponding to the scanning in (a). (b) The output curves for SIT with D = 300 or 1000 nm at VG =−3 V, VD = 0 to −10 V. (d),(e)
The φ(x) with D = 300 or 1000 nm corresponding to the scanning in (b). In (c)–(f) dots are TCAD-simulation and curves are fitted by
Eqs. (7) and (8).
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Eq. (8) are LD = 410 nm and γ = 0.77 when D = 300 nm,
and LD = 310 nm and γ = 0.74 when D = 1000 nm. The
values of d1 and d2 are fixed at 0.8 and 0.5 μm, respec-
tively. Along the horizontal direction, the electric field
changes gradually within the semiconductor, whereas it
sharply increases near the semiconductor-dielectric inter-
face and at the corners under the gate electrodes in the case
with a small |VD| and a large |VG|.

This theory well explains the characteristics of the SIT.
In transfer scanning, the potential φ(x) is pulled down by
fixed VD [Figs. 5(c) and 5(e)]. With a small D [300 nm,
Fig. 5(c)], as the proportion of the relative change in poten-
tial η(x) [defined following Eq. (7)] is small, the potential
φ(x) is mainly determined by VG and exhibits stronger VG
regulation, as compared with the device with a large D
[1000 nm, Fig. 5(e)]. As a result, the transfer curve with
a small D [Fig. 5(a), black] shows stronger VG regulation,
smaller subthreshold swing (SS), and near-zero thresh-
old voltage (Vth), compared with that having a large D
[1000 nm, Fig. 5(a), black]. In output scanning [Figs. 5(b),
5(d), and 5(f)], the device with a large D [1000 nm,
Fig. 5(f)] has large η(x), which achieves stronger VD reg-
ulation than the device with a small D [300 nm, Fig. 5(d)].
The strong VD regulation on potential φ(x) indicates the
device with large D will hardly saturate as VD increases, as
confirmed by Fig. 5(b) (red). It then explains the unsat-
urated SITs in previous works and suggests that better
saturation in output curves can be achieved by minimizing
the VD regulation of φ(x), e.g., by reducing D.

As we have discussed the potential distribution, in the
following we study the current-voltage characteristics and
then validate the model by numerical simulation to under-
stand the threshold voltages, subthreshold swing, gate-
tuning in transfer scanning, and saturation behaviors in

output scanning. Then, we further investigate the impacts
of the structural parameters, aiming to provide guidance
for device design.

IV. SUBTHRESHOLD CURRENT-VOLTAGE
CHARACTERISTICS

Ideal subthreshold I-V characteristics should have near-
zero Vth, sharp subthreshold swing, and large on:off ratio.
Taking a p-type SIT as an example, the semiconductor-
dielectric interfacial potential φ(x) lowers when VG scans
toward the negative. When the potential φ(x) in the mid-
dle is lower than source potential, i.e., φ(x = D/2) ≤ φBI,
drift current begins to generate in the middle, and the cor-
responding VG is taken as Vth for simplicity. By using
φ(x = D/2) = φBI (built-in potential) in Eq. (8), Vth is
expressed as [50]

Vth = − η[x = (D/2)]
1 − η[x = (D/2)]

(
d1

d1 + d2

)
VD + φBI. (9)

Here, η(x = D/2) [defined after Eq. (7)] increases from
0 to approach 1 if D increases. Therefore, if D or |VD|
increases (or d1+ d2 decreases), Vth shifts toward the oppo-
site direction of the on-state to reach a large |Vth|, as
verified in Fig. 6. If D 
 LD, the potential in the mid-
dle φ(x = D/2) approaches φ∞ [Eqs. (5) and (8)], which
is always more negative than φBI for p-type transistors
[Eq. (6)] or more positive than φBI for n-type transistors.
Thus, the transistor cannot be totally turned off, but will
have a small on:off ratio because of the drift current, as
verified in Supplementary Material Fig. S8 [50].

Subthreshold swing or the reversed subthreshold slope
SS symbolizes the switching speed of transistors. Unlike

(a) (b) (c)

(d)

(e)

FIG. 6 Subthreshold swing and threshold voltage. (a),(b) Transfer curves in the subthreshold region for SITs with various D (a) or
under different VD (b). (c)–(e) Subthreshold swing SS and threshold voltage Vth for SIT changing with the structural parameters, such
as D (c), d1 (d), and d2 (e). The SS and Vth are extracted when transfer scanning at VD = −0.1 V.
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the case of planar FETs, the SS value in SITs may be
affected by the subthreshold current in the middle of the
pores. The SS in a SIT is also deduced from φ(x = D/2)
[50,57],

SS = ∂VG

∂φ

kT
q

ln10 ≈ 1
1 − η[x = (D/2)]

kT
q

ln10. (10)

When the pore diameter D is close to 0, SS approaches the
thermodynamic limit of 59.6 mV/dec at room temperature
(T = 300 K). As D increases, η(x = D/2) also increases
and thus the device exhibits large SS [Fig. 6(a) and 6(c)].
According to simulation results, SIT devices with pore
diameters D of 300–500 nm can achieve similar SS values
as bulk MOSFETs between around 60 and 90 mV/dec [57].
Other parameters, such as VD, d1, and d2, slightly affect the
SS through LD, i.e., SS would slightly increase with larger
VD or thinner d1 or d2 [Figs. 6(b), 6(d), and 6(e)].

V. ABOVE-THRESHOLD CURRENT-VOLTAGE
CHARACTERISTICS

Above Vth, the on-state current is determined by the par-
tially gated channel transistor and Rmiddle in the equivalent
circuit [Fig. 2(h)]. For R1 and R2 in the partially gated tran-
sistor, the possible conduction mechanisms include Ohmic
conduction, space-charge-limited current (SCLC), Ohmic-
to-SCLC transition, and trap-fill-limited SCLC, all of
which can be uniformly described by J = Q0μ(	Vα/dβ)

[58]. Here, Q0 is the charge-density factor related to carrier
concentration, μ is carrier mobility, d is transit length, and
	V is the potential drop. The charge-transport coupling
factor α represents the conduction types, such as Ohmic
conduction (α = 1) and Mott-Gurney law in SCLC con-
duction (α = 2), with the parameter β ∼= 2α − 1 for the
on-state device [40]. Therefore, in a partially gated transis-
tor with two nongated channels gapping a gated channel,
the current is

(a) (b)

(c) (d)

FIG. 7 Transfer and output characteristics. (a),(c) Transfer or output curves of SIT with VD =−0.5 to −3 V, 	VD =−0.5 V, or
VG =−0.5 to −3 V, 	VG =−0.5 V, respectively. The dots are TCAD-simulated and curves are fitted by the proposed current model.
(b),(d) Potential distribution at the middle of the pore channel during transfer scanning with VG = 0 to −10 V, 	VG =−0.5 V, and
VD = −2 V, or output scanning with VD = 0 to −10 V, 	VD = −0.5 V, and VG =−3 V. The dashed red line in the inset of (d) shows
the routine of potential extracted in (b),(d).
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|ID,side| = Q01S1μ
|V1 − VS|α

dβ

1

= W
Lgate

μCox

∣∣∣∣VG − Vth − V2 + V1

2

∣∣∣∣ |V2 − V1|

= Q02S2μ
|VD − V2|α

dβ

2

. (11)

Here, V1 and V2 are potentials at the beginning (near the
source) and the end (near the drain) of the gated channel, W
is the channel width, Cox is the capacitance per unit area for
the gate insulator, Lgate is the gate thickness, and Q0n, Sn, dn
are the charge-density factor, electrode area, and length at
the corresponding channel, respectively. As |VD| increases
to reach the saturated regime (|VD| ≥ |VG − −Vth|), the
gated channel is pinched off and V2 = VD,sat = VG–Vth. With
the solution of V1 and V2 [50], the current of the partially
gated transistor |ID,side| can be obtained and then the total
current of the SIT is calculated by using Q0n, α, and Rmiddle
as fitting parameters,

ID,tot = ID,side + ID,mid = ID,side + VD/Rmiddle. (12)

The calculation of Eqs. (11) and (12) for SITs is simplified
and presented in a HTML format with a user interface in

the Supplementary Material [50], which could be used to
calculate transfer and output characteristics.

The simulated transfer curves of the SIT shown in
Fig. 7(a) (dots) are well fitted by the proposed model
using Eqs. (12) and (13) (curves), with α = 1.5. This indi-
cates that the nongated semiconductor in the SIT exhibits
Ohmic-to-SCLC transition in this device [59]. The fitting
parameters are summarized in Supplementary Material
Table S2 [50]. Unlike the case of common FETs, the
transfer curves of SITs gradually saturate at large |VG|
increases, which is caused by the large resistance near the
source. As shown in Fig. 7(b), the potential drop is mainly
between the source and the gate. This is similar to planar
FETs with large contact resistance. In terms of output char-
acteristics, common FETs achieve current saturation when
|VD| ≥ |VG − Vth|. Similarly, in a SIT, when |VD| increases
to have the channel pinch-off with V2 = VD ,sat = VG−Vth,
where V2 is the potential at the end (near the drain) of
the gated channel, the channel resistance rapidly increases.
However, perfect saturation is not observed because the
potential at the pore center φ(x = D/2) slightly changes
with VD [Fig. 7(d)], as derived from Eq. (8),

∂φ(x = D/2)

∂VD
≈ d1

d1 + d2

[
1 − exp

(
− D

2LD

)γ ]2

≥ 0.

(13)

(a)

(d) (e) (f)

(g)

(b) (c)

FIG. 8 Transfer and output curves with various structural parameters. (a)–(c) Transfer curves of SITs with different D, dgap, d1, or
d2 at VG =−2 V. (d)–(f) Output curves of SITs with different D, dgap, d1, or d2 at VG =−3 V. The current density |JD| is used as Y
axis to exclude the influence of device size. JD is defined as JD = ID/[W(D + dgap)], where W is the device width in the simulation.
Simulated data and fitting results are plotted in symbols and lines, respectively. Reference curve with D = 0.3, d1 = 1.2, d2 = 0.5, and
dgap= 0.6 μm is marked by “(std.)” in the legends. (g) Parameters D, dgap, d1, and d2 are illustrated.
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The ∂φ/∂VD in Eq. (13) gives hints to why perfect
saturation has rarely been achieved in the reported SIT
experiments [39], and suggests the output saturation may
be improved by minimizing ∂φ/∂VD, e.g., reducing D and
d1. Because most charges transport through the middle of
the pores, the current is dominated by Rmiddle. By using
Eqs. (11) and (12) and extracting Rmiddle = ∂VD/∂ID in the
saturation regime, the overall output characteristics deter-
mined by numerical simulation [Fig. 7(c), dots] can be well
fitted by Eqs. (11) and (12) [Fig. 7(c), lines].

To investigate the impacts of structural parameters,
transfer and output curves of SITs with various struc-
tural parameters are simulated, as shown in Fig. 8. All
these curves are well fitted by the proposed current model
(curves) and the impacts of parameters are discussed:

(i) With a small pore diameter D, the η(x = D/2)

[defined after Eq. (7)] in Eqs. (10) and (11) approaches
0 and, thus, transistors achieve near-zero Vth, large on:off
ratio, small SS, and good output saturation [Fig. 8(d)]. Con-
sidering that the pore diameter is limited by the fabrication,
the D around 300 nm is small enough.

(ii) With thick d1 and d2, the hole concentration in pores
decreases, and thereby the Debye length LD increases and
η(x = D/2) in Eqs. (10) and (11) approaches 0. Thus, SITs
with thick d1 and d2 have near-zero Vth, small SS, and bet-
ter output saturation [Figs. 6(d), 6(e) and 8(f)], but reduced
ID. For balance, the thickness of semiconductors in prac-
tical transistors should reach hundreds of nanometers [11]
and the ratio d1/d2 should be smaller than 4.

(iii) The wider distance between pores, dgap, leads to
stronger gate controllability and better saturation in out-
put curves [Fig. 8(e)], but the lower ratio of pore channels
could result in reduced current density. Therefore, the size
of dgap should be of the same order of magnitude as pore
diameter D.

(iv) The thinner thickness of sidewall dielectric, tox,
results in better saturation in output curves (Supplementary
Material Fig. S9 [50]). In practical devices, the sidewall
and upper Al2O3 dielectric layers are oxidized from Al gate
electrodes and the quality of the dielectric layers should be
good enough to prevent the leakage current.

Note that permeable base transistors are similar to SITs
with the pore diameter D as small as sub-100 nm and,
therefore, these results are also generally applicable for
permeable base transistors.

VI. CONCLUSION

The device physics theory for the vertical SIT is devel-
oped and concise potential distribution and I-V relations
are derived. The dielectric layers should surround the
porous electrodes in the ideal SIT, which is similar to a
GAA device. An ideal SIT is approximately equivalent

to a partially gated transistor and resistance connected
in parallel. The expressions of the potential inside the
pore channel φ(x) and the direct-current characteristics are
derived, which connect the I -V characteristics and device
structural parameters. In the subthreshold region, the ideal
turn-on properties can be obtained in a SIT with a small
pore diameter D around 300–500 nm, because of the strong
gate regulation in potential distribution. During VG scan-
ning, the current is limited by the large resistance near
the source and causes the transfer saturation. In output
curves, pore channel resistance dominates the carrier trans-
port when the partially gated transistor is saturated. The
quantitative relation between current saturation and device
parameters are revealed. Finally, the impacts of device
structure on I -V characteristic are analyzed, which provide
complete guidance for future study and fabrication of SIT
devices.
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