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Abstract
This work theoretically studies the influence of both the geometry and the discrete nature of
dopants of the access regions in ultra-scaled nanowire transistors. By means of self-consistent
quantum transport simulations we show that discrete dopants induce quasi-localized states which
govern carrier injection into the channel. Carrier injection can be enhanced by taking advantage of
the dielectric confinement occurring in these access regions. We demonstrate that the optimization
of access resistance can be obtained by a careful control of shape and dopant position. These

results pave the way for contact resistance engineering in forthcoming device generations.



The continuous race to fulfill the International Technology Roadmap for Semiconduc-
tors (ITRS) requirements gave rise to ultra-scaled Metal-Oxide-Semiconductor Field-Effect-
Transistors (MOSFETSs) with channel length of only few nanometers. At this scale electro-
static control of the channel potential becomes difficult with conventional top gate geometry
[1], leading to unsuitable short channel effects. Various novel MOSFET geometries [2] have
been then proposed to circumvent these effects among which the gate-all-around NanoWire
transistor (NWFET) represents an efficient solution [3-5]. NWFETs with channel length
down to 5 nm have already been demonstrated experimentally [6] and are thus considered
as one of the most promising devices to reach the end of the ITRS [7]. In such narrow
devices, the resistance of access regions (AR) may appear as the main contributor to the
global resistance of the source-channel-drain system. In particular the shape of the doped
source and drain reservoirs as well as the number and the positions of dopants in the AR
can have a strong impact on the variability of the transistor [8, 9].

At this scale, quantum tunneling and quantum confinement also play an important role
[10]. Sophisticated quantum transport simulations are then required to assess the impact
of the AR and to optimize NWFET design. On the other hand, in most of the reported
simulations charge resulting from dopant ionization is assumed to be continuously distributed
over the whole source and drain regions. However, if one considers a NWFET with a

square cross-section of 2x2 nm?, a concentration of 102°cm=3

corresponds on average to less
than two dopants in a 4 nm long wire. Therefore, the continous doping assumption is no
longer justified and the discrete nature of dopants should be taken into account. Ionized
dopants give rise to an attractive Coulomb potential which creates quasi-localized states
in the conduction band. Many investigations dealing with the presence of discrete dopants
showed that the impurity level degrades the ON-current, while the sub-threshold behavior
could be affected [8, 11-15]. It is important to mention that these studies either used a
mode-space approach, or did not take into account electron-phonon interaction when real-
space representation was considered. Indeed, phonons are known to play an important role
in the ON-state current degradation [16, 17] or in the broadening of quasi-localized states,
thus modifying the carrier’s lifetime [18].

Among the few studies dealing with discrete dopants, most of them considered NWFETs

with constant cross-sections in source and drain regions. However, realistic AR are usually

thicker than the channel region. It has been theoretically shown for double-gate MOSFETSs



that drain current versus gate to source voltage (Ip—Vgg) characteristics are weakly affected
by AR geometry when a continuous doping profile is assumed in those regions [19]. Our
results first demonstrate that NWFETs exhibit similar behavior. However, the picture is
quite different when a discrete doping profile is assumed. Indeed, Diarra et al. demonstrated
that the impurity level in NW of radius R<3 nm is strongly affected by the dielectric
confinement [20, 21]. Consequently the energy of dopant level depends on the AR geometry.

The aim of this work is then to emphasize the importance of considering both realistic
AR and discrete dopants when modeling ultra-scaled NWFETs. We will find an optimal
configuration to enhance carrier injection when the dopant position is carefully chosen. Since
it is possible nowadays to precisely place dopants in nanowires [22, 23], these informations
can be of a great interest to NWFET designers to minimize access resistance and boost the
performance of the ultimate devices.

To tackle this problem, we developed a self-consistent Non-Equilibrium Green’s Function
(NEGF) solver that allows to consider AR with different shapes and geometries. The elec-
trons of the six A-valleys of silicon conduction band are described using an effective mass
hamiltonian in real-space representation [24]. The effective mass values have been fitted
on full-band tight-binding calculations [25]. Electron-phonon interaction is included using
the Self-Consistent Born Approximation (SCBA) [26]. Both intravalley and intervalley scat-
tering are taken into account through the self-energy expressions given in reference [18].
The values of deformation potentials and interaction matrix elements, for both optical and
acoustic phonons, can be found in reference [26]. Electron-electron interaction is treated in
the Hartree approximation. One solves for the mean field given by Poisson equation self-
consistently with the charge resulting from NEGF calculations. In our model, each discrete
dopant occupies the volume of the unit mesh (2x2x2 A3) as shown in Ref.[18]. The resulting
screening of this positive electron charge will give rise to the long range Coulomb potential
of the impurity.

In order to capture only the influence of the AR, all considered devices in this study
possess the same gated region. All transistors have then the same channel squared cross-
section of 2x2 nm?, gate length Ly = 8 nm and equivalent oxide thickness of 1 nm. Beyond
the AR, we always consider external source and drain regions of 4 nm long, which are

assumed to be continuously doped at Np = 10** cm™ to ensure continuous injection into

the AR.
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FIG. 1: 3D view of the considered gate-all-around NWFETs. UN device (top panel) has a uniform
cross-section of 2x2 nm?, while NUN device (down panel) has a non-uniform cross-section. A
Channel width Wep=2 nm (green) is assumed for all devices. Same gate and channel lengthes
Ls=Lcp=8 nm are assumed for both UN and NUN. The gate insulator has an equivalent oxide
thickness of 1 nm. Source and drain (red) are uniformly doped at Np = 10?° cm ™3 and are Ls=Lp
= 4 nm long. Access regions are L p = 4 nm long and represented in yellow. Square source and
drain cross-sections for NUN have Wg=Wp=3.6 nm width. For all the simulations Vpg=0.3 V

and T=300 K.

To illustrate the importance of discrete doping in realistic AR, we considered two NWFET
structures that we shall call UNiform (UN) and Non-UNiform (NUN) (Fig. 1). The UN
device has a uniform cross-section of 2x2 nm? from source to drain. The NUN device has a
larger cross-section of 3.6x3.6 nm? in source and drain, and an AR with a non-uniform cross-
section that linearly connects source and drain to the channel of 2x2 nm?. Both devices
have AR of L g = 4 nm represented in yellow. Figure 2 represents I, — Vg characteristics
when continuous doping in AR is assumed for both devices. Logarithm curves (left scale)
show a small change in sub-threshold voltage (V;,) of 14 meV and identical sub-threshold
slope (Ss_¢,). Linear curves (right scale), after Vj;, adjustment, show only a 6% degradation
of Ipn for the NUN device with respect to its UN counterpart. Therefore, we can conclude
that the geometry has little impact when continuous doping is assumed for AR. This result
is in accordance with the results previously obtained for double-gate devices [19]. We then

replace the continuous doping of AR by a single impurity. For the NUN device we consider
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FIG. 2: Ip — Vigs characteristics for UN (triangles) and NUN (squares) devices with continuously

doped AR at Np = 10%° cm™3 in linear and logarithm scales. Vpg=0.3 V.

three configurations as depicted in Fig. 3a. Let’s start by the comparison of the NUN L-
configuration with a UN device in which the impurity is placed exactly at the same position
along the channel symmetry axis. The corresponding Ip — Vizs plotted in Fig. 3b show that
Iony in NUN L is 20% lower than in the UN L. This first result pinpoints the importance
of having a discrete dopant description when a more realistic geometry of AR is considered.
On the other hand, subthreshold behavior is poorly affected by this change.

In order to see if the current degradation in NUN could be overcome, we now consider the
I and N configurations as depicted in Fig. 3a. One can see in the corresponding Ip — Vg
(Fig. 3b) that the obtained Ipy is all the better for impurities localized in the narrower
cross-section, close to the channel. Fig. 4 shows the current spectra at source contact for
the three NUN-configurations at given bias. We notice that we have a better injection at
the source for the N-configuration, followed by I-configuration, while the worst injection
is obtained for L-configuration. This surprising result shows that Ioy is higher when the
impurity is located just at the entrance of the channel. Besides the dopant position along
the AR, carrier injection efficiency may also depend on the AR cross-section.

To understand this dependence, we considered three devices with abrupt constrictions
defined by constant AR cross-sections of width’s Wag of 3.6 nm, 2.8 nm and 2.4 nm (Fig.
5a). A spacer of 2 nm was added to the AR to prevent AR and gate overlap. One impurity
is then placed in each AR at exactly the same position along the channel symmetry axis.
The corresponding Ip — Vg characteristics for the three devices are shown in Fig. 5b.

Once again, we notice that the smaller is the cross-section of the AR, the better is the
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FIG. 3: (a) View of the transverse section in the middle of the NUN device. Square source and drain
(red) cross-sections for NUN have Ws=Wp=3.6 nm width and are uniformly doped at Np = 10
ecm~3. Each AR (yellow) contains one impurity. We consider 3 configurations labelled L (large), I
(intermediate) and N (Narrowest) which correspond to the positions of one impurity of each side
in cross-section of 3.2x3.2 nm?, 2.8x2.8 nm? and 2.4x2.4 nm? respectively. (b) Corresponding
Ip — Vg characteristics at Vpg=0.3 V in both linear and logarithmic scales. For comparison, we
plot Ip — Viog for the UN L device where the impurity is placed exactly at the same position along

the channel symmetry axis as NUN L.
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FIG. 4: Current spectra at source contact for the three NUN-configurations defined by circled

points in Fig. 3b. Reference in energy is taken at the Fermi level of the source (Erg=0 eV).



obtained Ipy. Figure 6 shows the current spectra for the three devices at the bias points
circled in Fig. 5b. The reference in energy is taken at the bottom of the first subband
of each device at the source and the corresponding Fermi levels at the source (Epg) are
plotted in dashed lines. The maximum of injection occurs above Erg for W4g=3.6 nm
and 2.8 nm, and below Epg for W, r=2.4 nm. This shows that the injection in this type
of device is not governed by the position of Erg relatively to the first subband but rather
by the energy of the impurity level in the AR of the source (indicated by vertical arrows).
This behavior is explained on Figure 7 which shows LDOS and current spectrum along the
source-drain axis for W, z=2.8 nm. We see the attractive impurity potentials in each AR as
well as the subband mismatch resulting from the abrupt reduction of the cross-section in the
channel. The current injection maximum clearly coincides with the impurity level energy in
the source AR which promotes transport through the tunneling barrier resulting from the
variation of cross-section. We also find that the more we confine the impurity, the lower is its
impurity level energy relatively to the Fermi level of the source and the more efficiently it can
promote the carrier transport. This is due to the so-called dielectric confinement in ultra-
scaled NWFETSs [20, 21]. Indeed, the mismatch of the dielectric constants of Si and SiO,
creates an electric field at the interfaces which lowers the impurity level energy in narrow
cross-section. Therefore, we can conclude that the higher Ioy obtained for the NUN device
in N-configuration - and the corresponding higher injection - is due to an enhanced injection
through the impurity level thanks to the higher dielectric confinement of the impurity inside
the narrowest cross-section.

In conclusion, we have used quantum simulations to show the importance of considering
the discrete aspect of dopants in realistic ultra-scaled NWFETs. In real devices, the leads
are thicker than the channel, leading to a subband mismatch that acts as a tunnel barrier
for carriers crossing the access region that connects the leads to the channel. In this work,
we demonstrate the importance of the impurity levels in enhancing injection by providing
states inside this tunnel barrier. Thanks to the dielectric confinement, carrier injection is
enhanced when the impurities are placed in the narrowest cross-section of the access region.
The low drive current being a major drawback of NWFETs scaling, this result could be of
great help to experimentalists to boost the injection in ultra-scaled NWFETs.
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FIG. 5: (a) View of the transverse section in the middle of the devices with abrupt constrictions.
Square source and drain (red) are 4 nm long uniformly doped at Np = 10?° em~3. Each AR
(vellow) contains one impurity at its center (red circle). The widths of AR for the three considered
devices are W4r = 3.6 nm, 2.8 nm and 2.4 nm. Blue regions are 2 nm long spacer of intrinsic

silicon to minimize the influence of the gate on the AR. (b) Corresponding Ip — Vs characteristics

in both logarithmic and linear scales.

& | e | - W, =24nm
$ 7 , WAR=2.8nm
0.4 =
E _WAR 3.6 nm
3
&
s 0.
£
=
Q
0

0 25 50 75 100 125 150 175
Energy (meV)

FIG. 6: Current spectra at source contact for the circled points in Fig. 5b. Reference in energy

(E= 0 eV) is taken at the bottom of the first subband for each device. For each configuration the

corresponding Fermi levels at the source (Erg) are represented by vertical dotted lines and the

energy of the impurity levels of the source AR are represented by vertical arrows.
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FIG. 7: a) LDOS and b) current spectrum corresponding to the circled point of Fig. 5b for
War=2.8 nm. The horizontal dashed lines define the Fermi levels of source and drain while the
white lines describe the profile of the first electronic subband. The current transmission through

the first quasi-localized state of the source AR impurity is clearly visible.
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