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FIG. 9. (Color online) Transfer characteristics for devices with varying
FF(D) values. Inset: On/Off performance as a function of FF(D) value.

increased by over three orders of magnitude with the On cur-
rent taken at V=10 V and the Off current at Vo=—-2 V.
The SS varies between 3.2 V/decade for D =16 nm to 1.3 V/
decade for D = 144 nm. The inset to Fig. 9 presents the On/
Off performance as a function of D (FF). Examining this
inset together with Fig. 7(b), the effect can be intuitively
explained by referring to the perforation relative dimensions
or the “tunnel” effect. Thicker electrode and smaller gap size
result in a more pronounced “tunnel” structure which
reduces the device performance, and vice versa (see discus-
sions in Secs. VA 1 and IV B 1).

Set #2, shown in Fig. 10, is comprised of devices with
fixed D and varying unit cell length (X,,;4,). Hence, FF val-
ues are inversely proportional to the latter. Based on the dis-
cussions above, the current at On state originates mainly
from the perforation, which in this set is of constant size, and
the Off current originates from the top surface of the source
electrode. This implies that the relation between the currents
at the On or Off states of the devices in this set can be
described using purely geometrical factors,
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where X,,qs ;1 and X4, > are the unit cell length of two dif-
ferent devices. Equation (13a) shows that the current per unit
cell is fixed due to the constant perforation size and the cur-
rent density reduces as the size of the unit cell increases.
Equation (13b) shows that due to the increase in the area of
the SE top surface, the current density at the Off state will
slightly increase. These two equations lead to the On/Off ra-
tio decreasing as a function of the unit cell length (D being
fixed and FF decreasing), as indicated by Eq. (13c).
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Figure 10 displays a slight increase in the Off current den-
sity with unit cell length which is observed at the onset of the
transfer characteristics, in agreement with Egs. (9) and (13b).
Similarly a decrease in the On current density with unit cell
size is shown as the density of the active sites (FF) is reduced.
A complete agreement between the analytical Eq. (13c) and the
numerical On/Off performance is shown at the inset to Fig. 10
marked with line and dots, respectively. Note that SS value
remains similar for the entire set.

Set #3 is comprised of devices with constant FF value,
and D values varying proportionally with unit cell length.
Figure 11 presents the transfer characteristics where the onset
displays similar Off current density for all devices, validating
the constant FF value, according to Eq. (9). The On current,
on the other hand, increases approximately linearly with
increasing unit cell length (Fig. 11 inset). This increase is pro-
portional to the increase in D, despite the constant value of the
FF. This is again due to the “tunnel” effect and the associated
barrier discussed previously. For a constant SE thickness the
“tunnel” effect would reduce as D increases (see discussion of
the inversion point in the context of Figs. 7 and 9).

C. Injection barrier height

As could be deduced from Sec. IV E, the device per-
formance is dependent on the potential barrier height for
charge injection from the SE to the active layer (constituting
the Schottky barrier). For the following calculations, we use
a medium level type of fixed parameters and vary the barrier
between the source electrode and the active layer. The fixed
parameters are D = 60, X,,;4,; = 160, hy= 6, and hp =50 nm.

Figure 12 shows the transfer characteristics for several
injection barrier heights. As expected, the Off current (trans-
fer characteristics at negative gate bias) reduces exponen-
tially with the barrier height. In Sec. IV E, we stated that the
On current obtained for Vgl > 1Vl is independent of this
injection barrier as the high gate bias would diminish this
barrier through the field induced barrier lowering. However,

2 1.410° _ " . :
10 -21OL Numerical D_38[nm] .Qi
110 M 3
|8 +g2s”
3| 810} g i 53
107 F 47| © A . :X |
& 5 nalytica gA
410
5 210 FF "?A
i’ 10t o7 0Z 03 Oégg -
I %% unitcell
- e;% size [nm]
07| - * 100 4
*igg = 160
* 220
jotas=® ’i! A 300
-2 0 2 6 8 -

FIG. 10. (Color online) Transfer characteristics for devices with varying
unit cell size (X,,;4 in Fig. 1(b) and constant D (38 nm). Inset: On/Off ratio
vs FF, numerical (dots) and analytical (solid line) evaluations according to
[Eq. (13c¢)], in linear plot.
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FIG. 11. (Color online) Transfer characteristics for varying unit cell size
devices with fixed FF value. The inset shows linear dependence between
perforation gap size and On/Off performance.

Fig. 12 shows that as the barrier increases, the gate bias
required to diminish its effect becomes larger. Hence, for the
V¢ range used in Fig. 12, a full virtual contact is not obtained
for the samples with potential barrier of 0.7 eV and above.
As a result, in the simulated range, the increase in the On/
Off performance (inset in Fig. 12) is accompanied by a
reduction in the On current.

To improve the properties of the source electrode one
could make use of the fact that the origins of the On and Off
channels are spatially separated. This can be manifested if a
higher potential barrier is exhibited at the SE top facet (the or-
igin of the Off channel) and a lower potential barrier is pre-
sented at the SE lateral facets (the origin of the On channel).
Knowing that the On current originated mainly from the bot-
tom of the lateral facet, in proximity to the dielectric interface,
allows suggesting a practical solution where the SE would be
composed of two layers (i.e., layered structure). The bottom
layer provides the lateral facets injection properties and the
upper layer provides the top facet injection properties. The
transfer characteristics of such devices are presented in
Fig. 13. Since Fig. 12 shows that up to about 0.5-0.6 eV the
maximum current is not highly affected, we used for the simu-
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FIG. 12. (Color online) Transfer characteristics for devices with varying
SE-active layer potential barrier height. Inset: On/Off performance vs barrier
height.
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FIG. 13. (Color online) Layered SE devices transfer characteristics with
fixed bottom layer potential barrier equal to 0.6 eV and varying potential
barrier at the top layer as indicated in the plot. Inset: On/Off performance
comparison between the uniform (hollow circles) and non-uniform (full
circles) SE structures having the same barrier at their top facet.

lations a potential barrier of 0.6 eV for the bottom layer and
varied the upper layer potential barrier between 0.6 and 1 eV
(see Fig. 13). As anticipated, the Off currents are reduced with
increasing top facet potential barrier while the On currents
and threshold values remain approximately fixed. The On/Off
performance comparison between the uniform (hollow circles)
and layered (full circles) SE structures is presented in the inset
of Fig. 13 where the potential barrier at the bottom layer is
fixed and equal to 0.6 eV and at the upper layer varies
between 0.6 to 1.2 eV. Not only is better On/Off performance
obtained for the layered structure, but also the On current
remains almost unchanged.

D. Dielectric thickness (hp)

Scaling down of the dielectric thickness (sp) has the
obvious attribute of lowering the gate voltage required to
switch the transistor on. The other effect is of reshaping the
field lines as the bias is applied across the insulator. In lateral
FETs this reshaping through downscaling of the insulator
thickness is associated with the gradual channel approximation
where optimal performance requires that L (channel length) is
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FIG. 14. (Color online) Transfer characteristics for devices with varying /p,.
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at least 1.5 times the length of & (i.e., iip:L ratio of 1:1.5) and,
in some cases, 5 times as much.***> The scaling in the case of
the vertical transistor configuration is rather associated with
the “tunnel” effect discussed earlier. If the “tunnel” effect is
the dominant one for this scaling of the dielectric thickness
then the ratio to be kept is that of /1:D. Transfer characteristics
presented in Fig. 14 demonstrate the behavior of devices with
varying hp. Comparing the results of Fig. 9 with those pre-
sented in Fig. 14, we find that the effect of increasing the per-
foration size (D) is similar to that of reducing the dielectric
thickness (/p), showing that indeed for a well behaved device
the scaling to be considered is of sp:D and the ratio is to be
larger than ~1:3.

VI. SUMMARY

The operation of the PE-VFET was analyzed in the physi-
cal framework of semiconductor basic transport equations,
realized with a 2D numerical simulation. We have discussed
the non-symmetrical VFET structure regarding the source and
drain electrodes and the role of the SE architecture in the for-
mation of the virtual contact and, in turn, in the formation of
the vertical channel. The device current behavior was shown
to follow the SCL- and CL-regimes, with minor modifications
[Egs. (10) and (9)], at On and Off states, respectively. This
behavior was theoretically examined versus the 2D simulation
and experimentally verified. Under the assumption of zero
Debye shielding length, the On channel is formed solely at the
SE perforations area and is spatially separated from the Off
channel. A series of optimizations and design rules were
derived from the simulation and experimental sets. An ideal
device requires its SE to be ultra-thin with large perforations
(the “tunnel” effect) and with large FF value. The device
switching performance relies on the SE Schottky barrier; how-
ever, its output performance and threshold voltage are nega-
tively influenced. The On and Off channel origins shown to be
localized at the SE lateral facets and top facet, respectively,
enable a design consisting of two layers shown to provide both
high switching performance, similar threshold voltage and
similar output performance. While this study centered on PE-
VFET architecture with well-defined patterns (based on BCP
fabrication methods) the results and especially the physical
insights would be applicable also to less ordered fabrication
methods such as solution-based nanowire SEs.
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APPENDIX: ANALYTICAL DESCRIPTION OF THE
POTENTIAL SHAPE

The potential shape is obtained by solving the 2D ho-
mogenous Poisson equation (Laplace problem) in a rectangu-
lar space bounded by the gate and the drain electrodes in the
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vertical direction and by the perforation lateral edges in the
lateral direction. Equation (A1) is the Laplace equation form
for a rectangular space with normalized variables,

l% u+ %u =0, (A1)
where D and /h are the perforation diameter and the device
total thickness, respectively. The boundary conditions (BC)
along the upper and lower interfaces are those of equipoten-
tial surface and refer to the drain and gate electrodes, respec-
tively. The lateral BCs are symmetrical but more complex,
separated into three different regions which represent the
potential at the dielectric layer, the source electrode and the
active layer. Based on the numerical results a linearly vary-
ing potential value is assumed both between the gate and
source electrodes and between the source and drain electro-
des, as illustrated in Fig. 2 (dashed line). The potential sur-
face is given by Eq. (A2) as an infinite series,

u(x, z) :Z?sin(nnz)@ (%>2

v {(VS ;dVG> [sin(nmhy)] — (%)

« sin[a(hy + hs)]}{sinh (%)nnx)

+ {Sinh%)nn(l - x)} } — (Vg = Vp)z— V], (A2)

where &g and h,; are the source electrode and dielectric layer
thicknesses normalized by /.

The lateral electric fields [Eq. (A3)] are obtained by
deriving the equation of the potential surface over the hori-
zontal axis (x). To simplify, the source electrode potential is
grounded and the term for the active layer thickness, A,
replaces the term (1-A4-h;),

D . 2 1
ux(x, Z) = — Z ; sm(m'cz) @ (E)
h

X {Z—j [sin(nmhg)] + %sin(mrha)}

a

X {cosh (%nnx) — cosh {%mr(l - x)} } (A3)

We require to obtain the electric fields adjacent to the SE lat-
eral facets in order to determine the local potential barrier
lowering at the perforations [Egs. (5) and (6)]. A simpler
expression than the one presented in Eq. (A3) is obtained in
Eq. (A4) when referring to a specific horizontal location xy,
where X, is assumed to be in close proximity to the SE facets
(x9g—0 or xp—1). For analysis purposes x, is considered to
be one molecular layer away from the electrode, a distance
approximated at 1 nm (the length of one mesh increment in
the numerical simulation).
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1D hy 1 — 2¢~ ™ cos[n(z — hg)] + e~ 2™
x(%0,2) = 5 X ) ) : (A4)
T Vp, J1=2e7mm cos[n(z + hy)] + e~ 2w
—1In
ha | 1 —2e ™0 cos[n(z — hy,)] + e 27

This equation manifests the symmetrical influence of the drain
and the gate electrodes, where the equation’s first and second
parts are ascribed to the gate and the drain, respectively. The
electric fields associated with the gate and the drain contribu-
tions are both in the same direction but reach their maximum
at the bottom and the top of the SE facet, respectively. Both
contributions dissipate fast along the vertical axis, ranging
from close-to-linear dissipation for extremely thin dielectric
(hy = hy), and faster rate of dissipation for thicker dielectric.
This behavior indicates that the effective charge injection is a
highly localized phenomenon. In a well behaved device the
drain influence is minimized so as to minimize the Off cur-
rents. In such a case the majority of the charge injection at On
state takes place at the bottom of the perforations’ lateral fac-
ets close to the dielectric surface.
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