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Executive Summary (publishable)

Silicon nanowire (SiINW) field effect transistors (FET) have been widely investigated as
biological sensors for their remarkable sensitivity due to their large surface to volume ratio
(S/V) and high selectivity towards a myriad of analytes through functionalization. The aim of
Task 3.2 (deliverable D3.4) is to investigate junctionless nanowire transistors (JNT) through
3D Technology Computer Aided Design (TCAD) simulations performed as a function of
geometrical dimensions and channel doping concentration Ny for a p-type tri-gated structure.
Our goal is to provide useful guidelines for the design of junctionless FET silicon nanowire
sensors that can be integrated into miniaturized, low power biosensing systems that would aid
in future fabrication endeavours. JNT having a uniform and usually highly doped
source/channel/drain can provide high drain currents and a tunable threshold voltage. The
operation regime (threshold voltage Vy,) and electrical characteristics of JNTs can be directly
tuned by the careful design of the NW/Fin FET. This is of particular importance as device
sensitivity has been found to be dependent on the operating point at which sensor
measurements are carried out with the subthreshold having optimal sensitivity (highest
conductance response). Though we may set the operation point (for maximum sensitivity) by
back-gating (BG) this is not appropriate for low-power device applications as high voltages
are needed in order to induce inversion, accumulation or depletion through the backgate
insulator. In this work, we seek to tune the operation point of a JNT sensor for maximum
sensitivity by the careful design of the NW/Fin geometrical dimensions, doping concentration
and gate insulator. In this work, we propose a long channel (L > 500 nm) junctionless
nanowire transistor (JNT) SiNW sensor based on a highly doped, ultrathin body field-effect
transistor with an organic gate dielectric & = 1.7. Two different materials, namely, an oxide
and an organic monolayer, with varying dielectric constants &, provide surface passivation.
Mildly doped Ng = 1x10*° cm™, thin bodied structures (fin width F,, < 20 nm) with an organic
dielectric (e = 1.7) were found to have promising electrical characteristics for FET sensor
structures such as Vi ~ 0 V, high relative sensitivities in the subthreshold regime S > 95%,
high transconductance values at threshold gm vrg=ov > 10 nS, low subthreshold slopes SS ~ 60
mV/dec, high saturation currents lgmax ~ 1-10 pA and high lon/ lot > 10* - 10™ ratios.
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1 Introduction
1.1 The NW Sensor

The ISFET (ion sensitive field effect transistor) introduced by Bergveld in 1970 [1-3] is
analogous to a MOSFET (metal oxide semiconductor field effect transistor) except that the
gate channel is exposed to a solution and therefore ions or charged molecules at the surface of
the channel act as a gate [4]. In comparison to a MOSFET where the gate electrode has direct
contact with the gate dielectric, a reference electrode Vs or local gate V4 electrode is instead
typically inserted into the analyte contacting the gate. lons in solution or charged molecules
influence the gate potential so that they can exert electrostatic control on the source to drain
current Iy [4]. When charged analyte molecules adsorb on a NW an electric field created on
the surface exerts an effect both inside and outside of the semiconductor channel. Nanosensor
structures such as SiINWs have the potential to provide fast, low cost, low power, label free
detection, real time response, high throughput analysis and insight into biological processes
while not requiring large sampling quantities [5, 6]. Due to the small size (large S/V) of
SiNWs the presence of a few charged biological molecules on their surface can modulate the
carrier distribution over their entire cross sectional conduction pathway making the devices
highly sensitive compared to the traditional planar sensor that Bergveld introduced [7]. It has
also been found that decreasing the size of the nanowire decreases the electrostatic
capacitances that provides for faster response times [8].

The reference electrode is normally an indispensable part of the ISFET measurement set-
up. Its function is to provide a stable electrical contact to the test electrolyte and define the
electric potential of the sensing liquid. It must also provide for an electrode-electrolyte
interface potential that does not vary with electrolyte composition so that changes in Iy of the

ISFET are a measure only of changes in its electrolyte-insulator interface [9]. Device
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sensitivity is also dependent on the operating point at which sensor measurements are carried

out. The subthreshold region has been found to have the optimal sensitivity (highest
conductance response) for enhancement mode NW sensors [10, 11]. In this regime, the NW
is nearly depleted of carriers with a much larger screening length Ap in comparison to its
radius R allowing for molecular gating to occur throughout the whole cross section of the
structure [10, 11]. Commercial reference electrodes (i.e.: Ag/AgCI or calomel) though stable,
they are bulky, expensive and their inclusion in sensing measurements prohibits the
successful integration of FET sensors into miniaturized, portable, low cost systems. Therefore
use of a noble metal pseudo reference electrode (Vgae) integrated into a differential pair
(ISFET/REFET) circuit has been previously explored [3, 9, 12] for example. The differential
ISFET/REFET pair configuration allows for the use of a solid state noble metal local
electrode that can be patterned by photolithography on chip vs. the use of an external, large
and intrusive reference electrode. We may also set the operation point (for maximum
sensitivity) by back-gating (BG) [13, 14], but is also not appropriate for low-power device
applications as high voltages are needed in order to induce inversion, accumulation or
depletion through the backgate insulator. The JNT has been found to have a tunable threshold
voltage [15] dependent on NW dimensions, type of gate insulator and doping concentration
therefore, in this work we seek to tune the operation point of a JNT sensor by the careful

design of the NW/Fin.

1.2 The Junctionless Nanowire Transistor
JNTs are said to be junctionless because the source and drain extensions have the same

type and doping concentration as the conduction channel (i.e.: P*-P*-P*, N*-N*-N") [16-19].
They have high doping channel concentrations and with no p-n junctions or doping gradients

they are essentially resistors with a gate electrode that controls the carrier density [15, 16, 20-
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22]. The operation of the JNT is based on the depletion or accumulation of carriers in the

highly doped semiconductor channel [17, 19]. JNTs feature bulk conduction as opposed to
surface conduction [18, 23] making them an interesting candidate for NW FET biosensor
devices with high S/V ratios. Having no doping concentration gradients greatly simplifies the
fabrication process, reduces variability and relaxes thermal budget requirements since there is
no impurity diffusion during thermal processing steps [21, 23, 24]. Furthermore, the threshold
voltage can be easily varied by changing different parameters such as the width, height,
doping and surface passivation/dielectric characteristics. These are all advantageous qualities
for the fabrication of miniaturized sensor devices and their heterogeneous integration with

other components.

1.3 The Sensing Interface
Another aspect that deserves some thought when designing a sensor structure is the surface

passivation material which acts as a gate dielectric. The SiNW-dielectric interface is
important for the electrical stability of the device. SiO; is not the best pH selective material as
it does not provide a stable contact between the liquid and the sensor [1]. Since protons can
penetrate the Si-oxide layers leading to large leakage current, different dielectrics (i.e.:
Alumina) have been deposited in order to efficiently suppress this issue [10]. The protection
layer should be as thin as possible in order to maintain the sensitivity of the device. It has
been found in literature that the passivation of the silicon surface via strong covalent Si-C
bonds can provide well defined and stable monolayers with insulating properties superior to
that of native oxide [25, 26]. Two different dielectric materials have been investigated in this
study. First, the dielectric constant & = 1.7 of the organic monolayer SiCisH33 passivating an
oxide free silicon surface as determined by Faber et al.,[25] and thickness ty = 1.78 nm were

utilized in the simulation. This mimics the functionalization scheme to be employed in future
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work by Tyndall (Task 2.2) assuming that the dielectric properties of this organic monolayer

are similar to the functionalization of interest. SiO, as a gate dielectric material (g, = 3.19)

was also investigated.
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2 TCAD Simulation Study

Different junctionless transistor devices have been studied by 3D TCAD simulations. Fig. 1
shows the top side view of the meshed simulated structure. The geometric parameters (fin
height Fy,, fin width F,, and channel length L indicated in Fig. 1) as well as the junctionless
channel doping concentration Ny, have been varied in order to find the optimal device
characteristics for a low power and high sensitivity sensor. The dielectric thickness tg,
source/drain (S/D) extensions, and buried oxide (BOX) are also displayed in the schematic.

The JNT is gated from the front and from the sides, in a tri-gate FET architecture.

l--I'. |
Lo Ny

pasTBaustanat

Gate Dielectric t,

BOX t,..

Sihcon

Figure 1. 3D and cross section of simulated tri-gate junctionless structure.

3D TCAD simulations using Sentaurus Device €.2010.12 have been performed as a function
of gate dielectric constant (g, = 1.7, 3.9), geometrical dimensions (fin channel length L = 0.5,
1, 2 um, fin height F, = 10, 20, 30, 45 nm and width F,, = 10, 20, 30 nm) and doping
concentration (boron B, Ng = 10" cm™, 10 cm™, 2x10" cm™) for a p-type Si-NW/fin tri-
gated junctionless FET. The fin width F,,, height F,, channel L, dielectric thickness t4, and
source/drain (S/D) extensions are displayed in the schematic of Fig. 1. For sensing
applications, long channels L > 100 nm are necessary to guarantee biological interaction with

the NW surface and are therefore also studied here. The simulations were built to include 145
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nm of buried oxide (BOX) (displayed in the schematic of Fig. 1) with varying silicon fin

heights and widths to resemble the silicon on insulator (SOI) FInNFET based structure
currently being fabricated. The lateral S/D extensions are 10 nm on each side of the gate
channel. The S/D contacts are simulated as ohmic. The junctionless transistor is gated from
the front-side resembling a tri-gate FET (multigate fin). The front gate voltage V4 is swept
keeping the back-gate grounded Vg = 0 V for high and low drain voltage potentials of Vg = -
1 V and -50 mV. The gate electrode was simulated as N* polysilicon (2x10%° cm?,
workfunction ¢ = 4.1 V). The drain current lq is iteratively computed by solving the Poisson’s
and hole continuity (majority carrier) equations throughout the cross-section of the fin. The
drift-diffusion model is used for the carrier transport in the semiconductor without impact
ionization. A mobility degradation model is also being implemented for carrier scattering
effects in highly doped semiconductors. A doping dependent carrier mobility model was also
included as well as an electric field dependent model with Shockley-Read-Hall (SRH) carrier

recombination/generation.
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3 Results and Discussion

3.1 Transfer and output characteristics of simulated devices

Simulated drain current curves as a function of front gate voltage (l4-Vig) at low
(V4 =-50mV) and high drain bias (V4 = -1 V) are presented in Fig. 2a (left -axis) for a
structure with F,, = 10 nm, F, = 45 nm, ¢, = 1.7, Ng = 10* cm™, and L = 500 nm. The right
axis shows the calculated transconductance g,, = (dld/Vfg) which can be indicative of
device sensitivity. This figure illustrates the different INT conduction regimes: (i) Vig >> Vin
for flatband Vi, the point at which the current is 1; = quN,4(F, F,)Vy/L (Q: charge and p:
hole mobility) and the JNT becomes a simple resistor, (ii) Vi < Vi, accumulation, (iii) Vi =
Vi, flatband, (iv) Vi, <Viq < Vin partial channel depletion, and (iv) Vi = Vi threshold. Fig. 3b
shows the l4-V4 output characteristics for devices with Fy, = 10 nm, F, = 45 nm, L = 500 nm,
Ng = 10" cm™ and two different gate dielectrics & = 1.7 (organic monolayer) and &, = 3.9
(Si0,). We can see the normal operation of a p-type junctionless device transitioning from
linear to saturation regimes as the drain voltage increases toward more negative values. As
expected, below threshold (Vg > Vi) the p-doped device is off and the drain current 1y drops
to very low values. As the gate voltage increases the channel becomes depleted of majority
carriers (holes) and shuts off even for increasing negative drain voltages. Above Vg, as the
drain voltage is increased (towards higher negative drain voltage values) the height of the
potential barrier that impedes carriers’ flow (hole conduction current) through the channel is
decreased and the current increases in a linear fashion with increasing Vq until saturation is
reached. At saturation, the drain current Iy reaches a constant value independent of the drain

bias V4. The gate potential efficiently modulates the channel conductance and shuts-off the
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JNT device for both dielectrics. Fig. 2 curves are representative of all simulated devices to be

presented here.
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Figure 2a l¢-Vyg (left) and gm (right) at low (V4 = - 50 mV) and high (Vg4 =-1V) drain
potentials for a device with Fy, = 10 nm, F, = 45 nm Ng = 10*° cm™, &, = 1.7 and L = 500 nm.
3b. 13-Vq output characteristics for Vi = -2, -1.5, -1, -0.5, and 0 V for a devices with F,, = 10
nm, F, = 45 nm L = 500 nm for Ng = 10* cm™ for different gate dielectrics.
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Figure 3. 13-Viy curves (log scale left) at low (Vg4 = - 50 mV) and high (V4 =-1V) drain
potentials for a device with F, = F, = 10 nm, L = 500 nm and increasing Ny for a device with
e = 1.7 (a), & = 3.9 (b). The right axes of (a) shows the respective linear 13-Vsy curves and
(b) the transconductance gm.

The simulated 14-V¢g for structures with Fy =F, =10 nm, length L =500 nm and different
channel doping concentrations Ng = 10'® cm™, 10" cm?, 2x10" cm™ are shown for two

different gate dielectrics &, = 1.7 (Fig. 3a) and for SiO, ¢ = 3.9 (Fig. 3b). The right axes (light
WP D3.4 EPFL Jan 2013
11




i
APS Deliverable Report D3.4 Revision V.1.0
shade) shows the linear 14-Vsy curves (Fig. 3a) and calculated transconductance (Fig. 3b)

respectively.

3.2 Sensitivity
Enhancement mode SiNW/Fin FET-based sensors have been found to be extremely

sensitive to surface charge perturbations and their sensitivity changes as a function of F, Fy
and L dimensions [27-32]. In particular, the sensitivity of these structures increases as a
function of increasing surface to volume ratio [33]. For such devices, when the cross
sectional dimensions are comparable to the screening length Ap molecular gating is more
efficient and better control of the conducting channel is achieved. Nanometer-scale cross-
sections lead to depletion or accumulation of carriers in the bulk of the device when a
charged biomolecule binds to the surface, versus surface-only modulation for ISFET planar

sensor [33-36]. As the channel doping concentration determines the Debye length (1,

\/W) for these NWs it has been shown in literature that lightly doped channels exhibit
greater sensitivities than highly doped or undoped [28-30].

Typically, sensitivity is defined as the relative variation of current (or conductance G)
S = (ayo — lay1)/ layo due to a difference in the external potential (here, A¥ =
(¥, — ¥,) =110 mV). Fig. 4a shows S and I4 as a function of overdrive voltage V,,, =
Vrg — Vi for different junctionless channel doping concentrations and Fy, = Fn = 10 nm, & =
1.7, L = 500 nm. In this figure we can see that high sensitivities (S ~ 98 %) are possible with
junctionless devices with the relative sensitivity being the highest in the subthreshold regime
(S > 98%). Furthermore, it is still possible to have high sensitivities (S > 80%) and measure
high output currents (I3 > nA) above threshold. In this figure we can see that for devices with
small cross sections (10 x 10 nm?) the relative sensitivity does not change significantly with

increasing doping concentration and the same Spax iS observed at subthreshold. Fig. 4b also
WP D3.4 EPFL Jan 2013
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shows that the Spax for thin fin devices (F,, = 10 nm) is almost unchanged with increasing Fy
and only when the doping channel concentration increases to Ng = 2x19 cm™ the sensitivity
changes noticeably (reduction) with F,. The maximum sensitivity for all thin F, = 10 nm

structures is still high and greater than 98%.

(@) (b)
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Figure 4. (a) Relative sensitivity S for junctionless devices with increasing Ng, Fy = F, = 10
nm, & = 1.7, L = 500 nm when V4 = -1 V as a function of Voy (left axis) and corresponding
14-Vov (right). (b) Maximum sensitivity Spax as function of increasing Fy, for different Ng with
constant F, =10 nm, &, = 1.7, L=500 nm, V4 =-1 V.

Fig. 5(a) shows S and Iq as a function of V,, with increasing F,, and for F, = 10 nm,
gr=1.7, L =500 nm Figure 5(b) shows the Snyax as function of increasing F,, for different Ny
when F,=10nm, & =17, L=500 nm. One can see from these figures that again the
maximum sensitivity does not change significantly with increasing F,, except when the
doping concentration increases to Ng = 2x10"° cm™®. When Ny = 2x10* cm™ the Spax

decreases considerably with increasing Fuw (Smax = 68% for Fy, = 30 nm, when Ng = 2x10%

cm®).
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Figure 5. (a) Relative sensitivity S for junctionless devices with increasing F,, high doping
concentration Ng = 2x19 cm™, F, = 10 nm, & = 1.7, L = 500 nm, V4 = -1 V as a function of
Vov (left axis) and corresponding Ig-Voy (right). (b) Maximum sensitivity Smax as function of
increasing F, for different Ng with constant F, =10 nm, &, = 1.7, L =500 nm, V4 =-1 V.

3.3 Threshold Voltage

In this work the threshold voltage Vi, was defined as the voltage for which the drain current
reaches a value of I; = (100 nA = E,,/L) as it is typically defined in industry [24]. Fig. 6
shows the extracted Vi, values for the simulated devices as a function of increasing Fy values
for different Ny and with a gate dielectric constant of ¢ =1.7 (Fig. 6a) and & = 3.9 (Fig. 6b)
while keeping constant F,, = 10 nm. Similarly, Figs. 7a and 7b show the Vg, for different
doping concentrations with increasing F,, and increasing junctionless channel length

respectively (e, = 1.7 and Fp, = 10 nm).
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Figure 6. Vy, variation as a function of Fy, for different Ny for devices with constant F,, = 10
nm, L =500 nm, V4= -1V for an insulator dielectric & = 1.7 (a) & = 3.9 (b). The right axis
(open symbols) in (a) shows the corresponding fin cross sectional area to effective width ratio
(EyFr)/(2F, + E,) as a function of F.

For good electrostatic control, the cross section area (Fj,F,) needs to be small enough to
allow depletion of carriers and efficiently turn-off the JNT [17]. Figs. 6 and 7a show that for
increasing doping concentrations it is harder to turn off the device for a given F,, and Fy,. The
threshold voltage increases and goes from negative towards more positive values as the fin
height and doping concentrations increase in agreement with literature results [37]. For low
doping concentrations the Vy, variation is minimal nevertheless for all Fn, Fy, L and it
changes the most when Ng = 2x10* cm™. When Ng = 10" cm™, and ¢, = 1.7, the threshold
voltage shift is AVy =0.093 V with increasing F, from 10 to 45 nm, whereas when
Ng = 2x10" cm™ AV, = 0.890 V (Fig. 7a). For low doping levels, the side gates are enough
to completely deplete the channel; the top gate does not have any impact, which translates
into Vy, depending only on F,. With a high doping level, the side gates are not enough to
deplete completely the channel, which translates into Vi depending more on the height
(relates to the thickness that the top gate has to deplete in order to turn off the device). The
Vi, variation with F, and F,, is not as pronounced for devices with SiO, dielectric constants
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(r = 3.9, Fig. 6b and S1 in the supporting information), i.e.: when Ng = 2x10cm™, AVy, =

0.414 V as the Fy, is increased from 10 to 45 nm (Fig. 6b), almost 50% less than when g, = 1.7
(Fig. 6a). Though threshold voltage variation increases with doping concentration, it is also
not as pronounced for devices with fin widths of 10 nm in accordance with previous literature
results that have shown that for small cross section structures (< 10x10 nm?) the Vi, change
with doping concentration is almost negligible [38]. It is therefore possible to reduce
threshold voltage variability because device layer thickness reproducibility is not an issue:
current SOI technology allows for the manufacture of wafers with ultra-thin silicon device
layers (below 50 nm) with tight uniformity specifications within a few Angstroms (6 sigma
range of less than 1 nm), below 2% [39]. The variation in the width highly depends on
process variation (lithography, etching), and could therefore be more problematic than the

thickness variation.
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Figure 7. Vy, variation as a function of increasing F,, (a) with constant F, = 10 nm, L = 500
nm, Vg=-1V and increasing L (b) with constant F,, = F, = 10 nm, V4= -1V for different Ng4
and gate insulator dielectric & = 1.7. The right axis of (a) shows the corresponding fin cross
section area to effective width ratio (F, Fp,)/(2F, + F,,) as a function of increasing Fy,.

The effect of F,, and Fy, on the threshold voltage of a JNT has previously been investigated

in literature. For example, Doria et al.,[15], and de Souza et al.,[37] derived an analytical
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model that relates the threshold voltage to the fin cross sectional area (F,, F;) and effective

width (2F, + E,) from a 2D solution of the Poisson equation for a gate-all-around structure.
Eq. 2 shows de Souza’s derivation for Vy, of a junctionless transistor. Here, A is the
normalized Plank’s constant, m* is the effective carrier mass, ¢, is the work function
difference between the gate material and silicon &g is the silicon permittivity, q is the electron
charge, Cox is the gate dielectric capacitance per unit length and c is a fitting parameter that
characterizes the corner capacitances [15, 37]. We can see that the geometrical characteristics
of the device greatly influence the operation regime as found throughout our simulation
results. In particular, it is worth noticing that the Vy, is strongly influenced by the fin width
due to the quadratic dependence of the second part of the equation shown below. Fig. 6a and
7a show the (K, F)/(2F, + F,) ratio as a function of F, and F,, (right axes) respectively. In

agreement with our results the threshold voltage depends on the Fy, Fn, Ng, Cox (EQ. 1) and

¢MS'
Cox = & (P2 4 c) L)
. N FWFh+i( FFp )2 4 mn (L+L) 2)
th = ®us — qNg Cox | €si \2Fp+Fy 2qgm* \F2 ' F,?

Nonetheless as can be seen in Fig. 8a, the Vi, trend as a function of F,, does not seem to
correlate well with the model. Our results show a much greater Vi, shift as the fin width
increases from 10 to 30 nm in particular for high Ng. For Ng = 10*® cm™ the threshold voltage
shift with increasing Fy, is AVy, =0.075 V and when Ng=2x10" cm™® AVy, = 1.967 V in
comparison to the Vy, shift as the fin height increases from 10 to 30 nm AV, = 0.739 V when
g=1.7.

Since the working principle of a junctionless transistor is quite different from that of a

typical inversion or accumulation mode device, it is not surprising that the definition of
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threshold voltage should as well be different. One definition that can still be used is the gate

potential at which mobile charge density Qn, is cancelled. With this definition in mind, from a
charge based analytical model for a JNT double gate MOSFET (DG MOSFET) Sallese et
al.,[17] derived Eq. 3 for Vi, which includes both linear and logarithmic contributions on the
doping concentration (influencing the Vi, in opposite ways) and a linear dependence on the

thickness of the semiconductor Ts;. Here, Ur = kT /q, n; is the intrinsic doping concentration.

Vin = ¢us + Ur - In (1:11_?) —q " NgTs; - (ﬁ + L) 3)

8Cg;

This equation illustrates the unusual non-monotonic variation of the threshold voltage with
doping concentration Ngy for junctionless transistors that can also be seen in the 13-Vsy curves
in Figs. 6 and 7. One can also see that it is possible to find the best doping density Ny and
thickness combination for a given Vy, and dielectric which makes junctionless NWs attractive
for biosensor applications.

Holtij et al.,[40] investigated the Vi, variation as a function of increasing L. They found
that the threshold voltage decreases considerable with decreasing L for L < 100 nm with the
change being particularly drastic for channel gate lengths below 22 nm. Our simulation
results do not show a strong Vi dependence with increasing gate length L for the long
channel devices investigated here (0.5 — 2 um) as shown in Fig. 7b. Holtij et al.,[40] defined
the threshold voltage as the gate bias at which the value of the minimum potential equals the
value of the Fermi potential at which point the mobile charge density equals the fixed charge
density. At this point, a neutral region forms inside the channel and current begins to flow

from source to drain in the bulk. From this assumption they derived an expression for the
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threshold voltage Vi, and found analogous trends as the ones presented here for their n-type

devices [40]. The same trends for Vi, were found for low drain potentials V4 = - 50 mV.

3.4 Drive Current

When comparing devices with the same geometry and channel doping concentrations but
different gate insulator materials we can see that when g = 1.7 (Fig. 8a shows the lon/lqs ratio
as function of increasing F,, with constant F, = 10 nm, Figure S3a in the supporting
information shows the I/l as a function of increasing Fy with constant F,, = 10 nm with
different doping concentrations) only devices with a doping concentration of Ng = 10" cm™
or with a sufficiently small channel cross section (F,, = F, = 10 nm) can be efficiently turned
off at Vg = 0V (lon/lott > 10"%). 1o (off-state, drain-leakage) is the current g at Vg = 1e-10 V.
The on-state current lo, is defined as the value of the drain current at Vg = —3 V. All other
devices with & = 1.7 are normally on at Vg = 0 V or have a much smaller lon/losf Current ratios
< 10* (10° for Fy = 10, Fy, = 20 nm, for high drain potentials Vg = - 1 V and Ng = 10* cm).
When the insulator dielectric constant is increased to & = 3.9 (Figure 9b shows lon/losr as a
function of increasing Fn with constant F,, = 10 nm with different doping concentrations)
devices can be turned off at Vi = 0 V even for higher doping concentrations of Ny = 10"°
cm™ as the higher gate capacitance offers better electrostatic control and the electric field

from the gate is capable of completely depleting the channel of carriers.

WP D3.4 EPFL Jan 2013
19



' ol
< _ -
APS Deliverable Report D3.4 Revision V.1.0
a
(@ : (b) 400
10" O— o n
10" N,=2e19cm®V,=-1V
i N, = 2619 cm* V, = - 50 mV 10+ ‘/—u———’_"“
1074 AN, =1e19cm®V,=-1V
1053 —A—N,=1e19 cm®V,=-50 mV T ./-/4.
=
= ~B- N, =1e18cm®V,=-1V =13
—° 10“1; N, =1e18 cm®V, = - 50 mV £ Ff‘f‘—‘ﬁﬁﬁLw
.1 - N, =2e19 cm™® V, = - 50 mV
1074 0.1 AN =1e19cm®V,= -1V
N DN, =1e19 em™V,=-50 mV
10°9 N, =1e1Bem® V,=-1V
1001: . : ; 0.01 . . I—D—Na=1le1acm4vf=-so mvV
10 20 30 10 20 30
Fin Width F_ [nm] Fin Width F [nm]
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Figure 9. lon/lo variation as a function of increasing Fy, for different doping concentrations
constant F, = 10 nm, L =500 nm for devices with gate insulator dielectric & = 1.7 (a) and
g = 3.9 (b).

As a general trend, the maximum current Iymax increases with increasing doping
concentration Ng (Fig. 9b), Fy (Figure 9a shows the Igmax as a function of increasing Fy, for
different doping concentrations with constant F,, = 10 nm, L = 500 nm and ¢ = 1.7) and F,
(Figure 9b). The lgmax also decreases for increasing channel lengths L (Figure 9b shows the

la max @S @ function of increasing L for different doping concentrations with constant F,, = Fy, =

10 nm, and ¢, = 1.7) as expected due to the higher total resistance of higher channel lengths.
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3.5 Short Channel Effects
The drain induced barrier lowering (DIBL) is the induced reduction in threshold voltage at

high drain voltages. The DIBL occurs when the height of the energy barrier that impedes
carrier’s flow through the channel for a gate potential below threshold is reduced by the
electric field induced by the drain potential. Higher drain bias decreases the potential barrier

and a conduction channel will form at lower gate potentials therefore decreasing the threshold

Venl Venlv
voltage. The DIBL is defined as DIBL = ——aiow _7dhigh \yith \zy o= -1V and Vgjow =

Vaow=Vdhigh
-50 mV. The DIBL for all junctionless transistors overall was found to be relatively small
(<100 mV) which has been attributed to the absence of doping junctions for much shorter
effective channel devices (< 20 nm).>®> As can be seen in Fig. 10, the DIBL increases with
increasing junctionless channel doping concentration and increasing F,,. Small DIBL values
(<40 mV) can be achieved for low doping concentrations and small channel cross sections
10x10 nm?. The DIBL variation with increasing fin width is particularly pronounced for high
doping concentrations, increasing from 18 to 107 mV as the F,, increases from 10 to 30 nm
with a constant F, =10 nm for & = 1.7. In comparison, the DIBL seems to be quite insensitive
to increasing F, (when F,, =10 nm) with constant DIBL values of 7, 15 and 17 mV for

Ng = 1x10" cm, 1x10"° cm™ and 2x10" cm™ respectively.
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Figure 10. DIBL variation as a function of increasing F,, for different doping concentrations
for devices with gate insulator dielectric &= 1.7, F, = 10 nm, L =500 nm, V4 =-1 V.

3.6 Subthreshold Slope
The subthreshold slope SS (Eq. 4) gives us an idea of the switching capabilities of a

transistor. As the depletion width Wy, extends through the bulk of the semiconductor channel
the capacitance ratio Cupm/Cox ~ (Esitox/&-Wam) should be relatively small making the SS
small as well (60 mV/dec at room temperature is the minimum value for standard
transistors).”® From Eq.4 one can see that the SS is also affected by the gate insulator
dielectric constant.>® The SS is slightly degraded for devices with a gate insulator & = 1.7

(Fig. S5a) vs. .= 3.9 (Fig. S5b) as expected.

_ kT (dQogiold)\ ™" _ 5 o kT (1 Cam
SS=7 ( avg ) = 237 (1 + cox) @
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Figure 11. Subthreshold slope SS as a function of increasing Fy for different doping
concentrations for devices with gate insulator dielectric &, = 1.7 (@) and ¢ = 3.9 (b) with
constant F,, = 10 nm, L = 500 nm, V4 = -1V.

As can be seen in Figs. 11 and 12, the subthreshold slope (from SS = dV,;/d(logqo 1))
reaches the thermal limit of MOSFETSs for all studied structures with a fin width F, = 10 nm
(SS <67 mV/dec). It degrades with increasing Fy, (Fig. 11), F, (Fig. 12a), L (Fig. 12b), and
doping concentration. This effect is less pronounced for structures with a silicon dioxide gate
dielectric & = 3.9 as anticipated. The SS changes most dramatically as the F,, is increased
from 10 (SS=60.97 mV/dec) to 30 nm (230.07 mV/dec) for high channel doping
concentrations Ng = 2x10™° cm™ and ¢, = 1.7. The subthreshold slope also increases slightly
with increasing channel lengths (Fig. 12b shows the SS as a function of increasing L for
different doping concentrations when F, = F, = 10 nm, & = 1.7, V4 = -1V). The SS
degradation is much more pronounced for structures with higher doping concentrations Ny =
10", 2x10™ cm™. This is understandable as the higher the doping concentration the stronger
the induced electric field for channel carrier depletion and efficient turn-off. This is in
accordance with previous literature results. Not surprisingly, we find analogous changes in
the sensitivity with F, and F,,, degrading in the same fashion as the subthreshold slopes as

previously discussed.

WP D3.4 EPFL Jan 2013
23



____
s
SO

APS Deliverable Report D3.4 Revision V.1.0

_—
Y
—
T
—

(-2
(]

250

N, =2e19 cm® N, =2e19cm®

o
A
1 1

2001
N, =1e19 cm®

=23
w
Il n

150 +

(2]
L5
N 1

[=2]
-
1

- -3
100 - N,=1e18 cm

Subthreshold Slope SS [mV/dec]
Subthreshold Slope SS [mV/dec]

N, =1e19 cm® | — L
60
50{ N, =1e18 cm® ]
T T T T T T T T T 59 T T T T
10 15 20 25 30 0.5 1.0 1.5 2.0
Fin Width F_ [nm] Channel Length L [um]

Figure 12. Subthreshold slope SS as a function of increasing F,, (2) and increasing L (b) for
different doping concentrations and V4 = -1V for devices with gate insulator dielectric & =
1.7.

3.7 Transconductance
The maximum transconductance gm max and transconductance values at Vig = 0 V, gm vig=ov

were extracted from the simulated 1y vs. Vg curves for high and low drain potentials. The
transconductance reaches a maximum and then decreases (Fig. 2a shows this graphically), but
in comparison to inversion mode devices the decrease in transconductance with gate voltage
is not as pronounced.*® This is because of the reduced transverse electric field to the current
flow that characterizes junctionless devices. The maximum transconductance increases with
Fn (Fig. 13a), generally with F,, (Fig. 14a) except for high Ny and decreases with increasing
channel length (Fig. 14b). The effect of doping concentration in the maximum
transconductance is not as straight forward, Fig. 13a and 14a show this. At low drain bias
(V4 =50 mV) the maximum transconductance increases with decreasing Nqy. For high drain
bias (Vg = -1 V) the highest maximum transconductance values happens at Ng = 10*° cm™,
The scattering rate is dominated by impurity scattering in the heavily doped channels of the
junctionless transistor.*® For low drain bias carrier scattering is more pronounced for channels

with higher doping concentrations and hence the lower maximum transconductance. The
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same effect can be seen for longer channels as there is a greater chance for carrier

recombination, hence the lower transconductance values.
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Figure 13. Maximum transconductance values gmmax (@) and transconductance values when
Vig= 0V, gmvig=ov (b) as a function of increasing Fy for different Ny for devices with gate
insulator dielectric g = 1.7, F, =10 nm, L = 500 nm.

The transconductance g, = (dlq/dVy4) is a measure of the sensitivity to surface charges.
A high transconductance value means a bigger change in drain current for a given change in
surface charge which can translate to higher device sensitivities. Transconductance values
when Vi =0V could be of particular importance for this study as we seek to eliminate the
reference electrode needed to establish a liquid potential for high sensitivity. Fig. 13b and 14b
show gmvig=o as a function of increasing Fy increasing F, respectively for different doping
concentrations for devices with gate insulator dielectric ¢ = 1.7. The highest
transconductance values when Vi, = 0 V are achieved when & = 1.7, Ng > 10" cm™, high Fy

and thick F.
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Figure 14. Maximum transconductance values gmmax (@) and transconductance values when
Vig =0V, gmvig=ov (b) as a function of increasing F, for different Ny for devices with gate
insulator dielectric g = 1.7, F, =10 nm, L = 500 nm.
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4 Conclusions

Silicon nanowire FET based sensors have great potential for the direct and specific
measurement of biological entities at ultra-low concentrations in completely miniaturized,
low power, possibly implantable systems. Junctionless nanowire sensors may allow the
successful integration of such devices into a myriad of systems due to their tunable electrical
characteristics. Also, having no doping concentration gradients simplifies the fabrication
process, reduces variability and thermal budget requirements since there is no impurity
diffusion during thermal processing steps. The use of heavily doped channel devices is also
advantageous due to the inherent reduction of dopant fluctuations that will therefore reduce
variations in the electrical characteristics of the junctionless device.

It is important when designing the next generation of junctionless FET sensors to select the
device geometry and doping concentration that can be made reproducibly. Also, to select the
device that allows for high drain currents, high transconductance g, values in the absence of
a local/reference electrode potential (when V¢y = 0V), that leads to the operation of the FET
in the high sensitivity regime (subthreshold) around Vi; = 0 V with a Vi, value ~ 0 V for the
dielectric gate insulator of interest. From the simulations conducted here we found a few
choices that meet all of these requirements for each dielectric. For g = 1.7 the most
interesting devices are the ones with fin width F,, = 10 nm and height F, = 30 and 45 nm,
doping concentration of Ng = 1x10cm™ and length L = 500 nm. They have high
transconductance values of gmvig=ov Of 71 and 233 nA/V, respectively, Vi, ~0V for high
sensitivities with high output currents. Devices with the same geometries are also interesting
for &, = 3.9 except that a higher doping concentration of Ng= 2x10* cm™ is necessary to have
Vy around ~ 0 V, increasing at the same time the drain current. Looking at a broad parameter
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space our results provide useful guidelines for tuning the design of FET nanowire sensors in

the low-power and high-sensitivity operation regime.
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5 Outlook and Planned Activities in Task 3.2

To complete the work in Task 3.2, the following activities are foreseen

» N-type enhancement SINW devise is currently being investigated by 3D TCAD
simulations for comparison purposes.

» TCAD device simulations to provide guidelines (geometrical dimensions, doping
concentrations) for future fabrication endeavours of SINW JNT sensor by WP2
partners.

» Further development of the atomic-scale simulators, extraction of the work function
and relation to the threshold voltage as a figure of merit.

» Publications in progress.

WP D3.4 EPFL Jan 2013
29



APS Deliverable Report D3.4 Revision V.1.0

References

[1]
[2]

3]
[4]
[5]

[6]

[7]
8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

P. Bergveld, Thirty Years of ISFETOLOGY - What Happened in the Past 30 Years
and What May Happen in the Next 30 Years, Sens. Actuators, B, 88 (2003) 1-20.

P. Bergveld, Development of an lon-Sensitive Solid-State Device for
Neurophysiological Measurements, IEEE Trans. Biomed. Eng., BME-17 (1970) 70-
71.

P. Bergveld, The Development and Application of FET-Based Biosensors, Biosens., 2
(1986) 15-33.

E. Stern, A. Vacic, M.A. Reed, Semiconducting Nanowire Field-Effect Transistor
Biomolecular Sensors, IEEE Trans. Electron Devices, 55 (2008) 3119-3130.

K.I. Chen, B.R. Li, Y.T. Chen, Silicon Nanowire Field-effect Transistor-based
Biosensors for Biomedical Diagnosis and Cellular Recording Investigation, Nano
Today, 6 (2011) 131-154.

Y. Cui, Q. Wei, H. Park, C.M. Lieber, Nanowire Nanosensors for Highly Sensitive
and Selective Detection of Biological and Chemical Species, Science, 293 (2001)
1289-1292.

N.S. Ramgir, Y. Yang, M. Zacharias, Nanowire-Based Sensors, Small, 6 (2010) 1705-
1722.

LY. Park, Z.Y. Li, AP. Pisano, R.S. Williams, Top-down Fabricated Silicon
Nanowire Sensors for Real-time Chemical Detection, Nanotechnol., 21 (2010)
015501.

H.S. Wong, M.H. White, A CMOS-Integrated ISFET-Operational Amplifier
Chemical Sensor Employing Differential Sensing, IEEE Electron Device Lett., 36
(1989) 3479-3487.

O. Knopfmacher, A. Tarasov, W.Y. Fu, M. Wipf, B. Niesen, M. Calame, C.
Schonenberger, Nernst Limit in Dual-Gated Si-Nanowire FET Sensors, Nano Lett., 10
(2010) 2268-2274.

P.A. Gao, G. Zheng, C.M. Lieber, Subthreshold Regime Has the Optimal Sensitivity
for Nanowire FET Biosensors, Nano Lett., 10 (2009) 547-552.

A. Thanachayanont, S. Sirimasakul, Ultra-Low-Power Differential ISFET/REFET
Readout Circuit 31 (2009)

H. Jang, W. Cho, Fabrication of High-Performance Fully Depleted Silicon-on-
Insulator Based Dual-Gate lon-Sensitive Field-Effect Transistor Beyond the Nernstian
Limit, Appl. Phys. Lett., 100 (2012) 073701.

G. Shalev, A. Doron, U. Virobnik, A. Cohen, Y. Sanhedrai, I. Levy, Gain
Optimization in lon Sensitive Field-Effect Transistor Based Sensor with Fully
Depleted Silicon on Insulator, Appl. Phys. Lett., 93 (2008) 083902.

R.T. Doria, R.D. Trevisoli, M. de Souza, M.A. Pavanello, Threshold Voltage in
Junctionless Nanowire Transistors, Semicond. Sci. Technol., 26 (2011) 1050009.

J.P. Colinge, A. Kranti, R. Yan, C.W. Lee, I. Ferain, R. Yu, N. Dehdashti Akhavan, P.
Razavi, Junctionless Nanowire Transistor (JNT): Properties and Design Guidelines,
Solid State Electron., 65-66 (2011) 33-37.

J.M. Sallese, N. Chevillon, C. Lallement, B. Iniguez, F. Pregaldiny, Charge-Based
Modeling of Junctionless Double-Gate Field-Effect Transistors, IEEE Trans. Electron
Devices, 58 (2011) 2628-2637.

WP D3.4 EPFL Jan 2013
30



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

55

APS Deliverable Report D3.4 Revision V.1.0

J.P. Colinge, C.W. Lee, A. Afzalian, N.D. Akhavan, R. Yan, I. Ferain, P. Razavi, B.
O'Neill, A. Blake, M. White, A. Kelleher, B. McCarthy, R. Murphy, Nanowire
Transistors Without Junctions, Nat. Nanotechnol., 5 (2010) 225-229.

J.P. Colinge, C.W. Lee, I. Ferain, N.D. Akhavan, R. Yan, P. Razavi, R. Yu, A.N.
Nazarov, R.T. Doria, Reduced Electric Field in Junctionless Transistors, Appl. Phys.
Lett., 96 (2010) 073510.

L. Chi-Woo, A. Borne, I. Ferain, A. Afzalian, R. Yan, D.A. N., P. Razavi, J.P.
Colinge, High-Temperature Performance of Silicon Junctionless MOSFETSs, IEEE
Trans. Electron Devices, 57 (2010) 620-625.

C.W. Lee, A. Afzalian, N.D. Akhavan, R. Yan, I. Ferain, J.P. Colinge, Junctionless
Multigate Field-Effect Transistor, Appl. Phys. Lett., 94 (2009) 053511-053512.

L. Ansari, B. Feldman, G. Fagas, J.P. Colinge, J.C. Greer, Simulation of Junctionless
Si Nanowire Transistors with 3 nm Gate Length, Appl. Phys. Lett., 97 (2010) 062105-
062103.

J.P. Raskin, J.P. Colinge, I. Ferain, A. Kranti, C.W. Lee, N.D. Akhavan, R. Yan, P.
Razavi, R. Yu, Mobility Improvement in Nanowire Junctionless Transistors by
Uniaxial Strain, Appl. Phys. Lett., 97 (2010) 042114.

S.J. Choi, D. Moon, S. Kim, J.P. Duarte, Y.K. Choi, Sensitivity of Threshold Voltage
to Nanowire Width Variation in Junctionless Transistors, IEEE Electron Device Lett.,
32 (2011) 125-127.

E.J. Faber, L.C.P. M., W. Olthuis, H. Zuilhof, E.J. R., P. Bergveld, A. van den Berg,
Si-C Linked Organic Monolayers on Crystalline Silicon Surfaces as Alternative Gate
Insulators, ChemPhysChem, 6 (2005) 2153-2166.

M.Y. Bashouti, Y. Paska, S.R. Puniredd, T. Stelzner, S. Christiansen, H. Haick,
Silicon Nanowires Terminated with Methyl Functionalities Exhibit Stronger Si-C
bonds Than Equivalent 2D Surfaces, Phys. Chem. Chem. Phys., 11 (2009) 3845-3848.
P.R. Nair, M.A. Alam, Screening-Limited Response of NanoBiosensors, J. Am.
Chem. Soc., 8 (2008) 1281-1285.

P.R. Nair, M.A. Alam, Performance Limits of Nanobiosensors, Appl. Phys. Lett., 88
(2006) 233120-233123.

P.R. Nair, M.A. Alam, Design Considerations of Silicon Nanowire Biosensors, EEE
Trans. Electron Devices, 54 (2007) 3400-3408.

E. Buitrago, M. Fernandez-Bolafios, A.M. lonescu, Vertically Stacked Si
Nanostructures for Biosensing Applications, Microelectron. Eng., 97 (2012) 345-348.
S. Rigante, L. Lattanzio, A.M. lonescu, FInFET for High Sensitivity lon and
Biological Sensing Applications, Microelectron. Eng., 88 (2011) 1864-1866.

E. Stern, R. Wagner, F.J. Sigworth, R. Breaker, T.M. Fahmy, M.A. Reed, Importance
of the Debye Screening Length on Nanowire Field Effect Transistor Sensors, 7 (2007)
3405-3400.

N. Elfstrom, R. Juhasz, I. Sychugov, T. Engfeldt, A.E. Karlstrom, J. Linnros, Surface
Charge Sensitivity of Silicon Nanowires: Size Dependence, Nano Lett.,, 7 (2007)
2608-2612.

E. Stern, J.F. Klemic, D.A. Routenberg, P.N. Wyrembak, D.B. Turner-Evans, A.D.
Hamilton, D.A. LaVan, T.M. Fahmy, M.A. Reed, Label-free Immunodetection with
CMOS-compatible Semiconducting Nanowires, Nat., 445 (2007) 519-522.

C. Heitzinger, G. Klimeck, Computational Aspects of the Three-Dimensional Feature-
Scale Simulation of Silicon-Nanowire Field-Effect Sensors for DNA Detection, J.
Comput. Electron., 6 (2007) 387-390.

WP D3.4 EPFL Jan 2013
31



[36]

[37]

[38]

[39]

[40]

2
APS Deliverable Report D3.4 Revision V.1.0

A. Kim, C.S. Ah, H.Y. Yu, J. Yang, I. Baek, C. Ahn, C.W. Park, M.S. Jun, S. Lee,
Ultrasensitive, Label-Free, and Real-Time Immunodetection Using Silicon Field-
Effect Transistors, Appl. Phys. Lett., 91 (2007) 103901-103903.

M. de Souza, M.A. Pavanello, R.D. Trevisoli, R.T. Doria, J. Colinge, Cryogenic
Operation of Junctionless Nanowire Transistors, IEEE Electron Device Lett.,, 32
(2011) 1322-1324.

R. Yan, A. Kranti, I. Ferain, CW. Lee, R. Yu, N. Dehdashti, P. Colinge, P. Jean,
Investigation of High-Performance sub-50 nm Junctionless Nanowire Transistors,
Microelectron. Reliab., 51 (2011) 1166-1171.

X. Cauchy, F. Andrieu. (2010, September 28). Questions and Answers on Fully
Depleted SOI Technology for the Next Generation CMOS nodes. Available:
http://www.soitec.com/pdf/SOlconsortium_FDSOI_QA.pdf

T. Holtij, M. Schwarz, A. Kloes, B. Iniguez, 2D Analytical Potential modeling of
Junctionless DG MOSFETs in Subthreshold Region Including Proposal for
Calculating the Threshold Voltage, in 13th International Conference on Ultimate
Integration on Silicon (ULIS), 2012 2012, 81-84.

WP D3.4 EPFL Jan 2013
32


http://www.soitec.com/pdf/SOIconsortium_FDSOI_QA.pdf

	Executive Summary (publishable)
	1 Introduction
	1.1 The NW Sensor
	1.2 The Junctionless Nanowire Transistor
	1.3 The Sensing Interface

	2 TCAD Simulation Study
	3 Results and Discussion
	3.1 Transfer and output characteristics of simulated devices
	3.2 Sensitivity
	3.3 Threshold Voltage
	3.4 Drive Current
	3.5 Short Channel Effects
	3.6 Subthreshold Slope
	3.7 Transconductance

	4 Conclusions
	5 Outlook and Planned Activities in Task 3.2

