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Abstract—In this work we investigate the electron mobility
in nanowire FETs operating under quasi-ballistic conditions.
Starting from a general expression of the current-voltage char-
acteristics worked out in a previous paper, we extract the drain
current at vanishingly-low drain voltages and find the functional
dependence of the effective mobility on the device length, the
mean-free path and the barrier height. The resulting expression
is nonlocal for short gate lengths, but may be useful for the
interpretation of experimental measurements. The main result
of this work is that the combined effect of acoustic-phonon
and surface-roughness scattering leads to a nearly uniform
mean-free path, at least for nanowire FETs with a diameter
around 5 nm. Thus, mobility degradation at large gate voltages
is predominantly due to carrier degeneracy, rather than an
enhanced scattering rate.

I. INTRODUCTION

Carrier mobility in silicon inversion layers has been tra-
ditionally measured in long-channel MOSFETs in order to
ensure the accuracy and uniformity of the electric field and
to reduce the effect of the parasitic source/drain resistance.
More recently, new characterization methodologies exploiting
high-frequency capacitance measurements [1] as well as the
magnetoresistance technique [2] made it possible to carry out
accurate mobility measurements in short-channel MOSFETs,
showing that carrier mobility decreases as the channel length
is reduced down to 30 nm and less [3].

Electron mobility is silicon nanowire (NW) FETs has been
throughly investigated in Ref. [4]. The approach is based
on the use of the Kubo-Greenwood formula and the self-
consistent solution of the Schrodinger-Poisson equations
within a gated nanowire and accounts for acoustic (AP) and
optical phonons (OP), surface roughness (SR) and Coulomb
scattering. This treatment, however, holds in the limit of
infinitely-long devices and the computation is carried out
numerically, so that the functional relationship which links
the electron mobility with the carrier mean-free path, the gate
length and the effective normal field is not made explicit.

In a recent paper [5], a rigorous analytical solution of the
Boltzmann Transport Equation (BTE) in Si NW-FETs oper-
ating under quasi-ballistic conditions has been worked out
under the assumption of dominant elastic collisions. From this
solution, the device I-V characteristics have been determined
and found to be in close agreement with a numerical solution
of the BTE accounting for AP, OP and SR scattering [6].

The aim of this work is to extract from the above solution
an analytical mobility model. As expected, this model is
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nonlocal and reflects the physical and geometrical features of
the NW-FET via the device length and a statistically averaged
momentum-relaxation length [5]. In any case, the present
model may be useful for the interpretation of experimental
data and for the extraction of physical parameters.

II. MOBILITY MODEL

It has been shown in [5] that the current flowing within a
single subband of a NW-FET can be expressed as

VT {Fo(nes) — Fo(nen)}
F_1/2(nes) + R¢ F_1/2(neD)

where N(z,,) is the electron concentration per unit length at
the top of the barrier, often referred to as “virtual source”;
vp = /2kgT /mm; is the thermionic velocity under nonde-
generate conditions; R, = A\,/(\, + L) is the transmission
coefficient, A\, and L being the momentum-relaxation length
and the device length, respectively. Also, Fo and F_, /o are
the Fermi integrals of order 0 and —1/2, respectively; ngs =
(Ers — Ec(xm))/kpT and ngp = (Erp — Ec(xy,))/kBT,
where FE.(x,,) is the subband energy at the virtual source;
finally, Frs and Erp are the Fermi energies at the source
and drain contacts, respectively. If more than one subband
contributes to the current, a weighted average of terms like (1)
ought to be considered, with the relative carrier populations
as weighting factors.

At low Vpg, eq. (1) reduces to the following form

Ap V7 fones) 4Vps
2)\1, + L f—l/Q(nES) kT

where fo(nes) is the Fermi function and the R; expression
has been made explicit. The effective carrier mobility within
a NW-FET can be extracted from the equation

Ip = g¢N(zy) Ryvr (1)

Ip =qN(xp)vr )

Vbs
ID = q Heff N((Em) LL (3)
g
where L, is the gate length. By comparing eqs. (2) and (3),
it turns out that the effective mobility may be expressed as

]2 g Ly, 7 fo(nes)
,U/eff = — P (4)
T miven 2Ap + L F_1/2(nEs)

where vy, = /kpT/m} is the carrier thermal velocity for
1D structures.

The first term of eq. (4) is a pure mathematical factor close
to 0.8; the second one is the standard expression of carrier
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mobility with the momentum-relaxation time 7, = A, [Vt
the third term accounts for the gate-length dependence of the
effective mobility; finally, the fourth term takes into account
carrier degeneracy. Under nondegenerate conditions this term
equals one, but plays a role at large gate voltages, where it
is monotonically decreasing as the gate voltage is increased.
The computation of this term requires the knowledge of ngg,
i.e. the numerical solution of the coupled Schrodinger-Poisson
equations in the nanowire.

The third term in (4) represents the outcome of quasi-ballistic
transport in NW-FETSs and its value tends to zero in the limit of
vanishing gate lengths. This result reflects the concept that the
FET current is upper limited even if the gate length becomes
vanishingly small, as opposed to eq. (3). Therefore, the effec-
tive mobility must go to zero in the same limit. A similar result
has been obtained in Ref. [7] for nondegenerate conditions
using McKelvey’s flux model [8]. A further difference between
the two models is that we keep distinct symbols for the device
length L and the gate length L,. The two quantities clearly
differ for the extension of the source and drain regions.

We notice that, in the limit of pure ballistic transport, i.e.
L < Xp, eq. (4) tends to

(il = 1 ng ﬁfO(nES)
Y V2r miven Fo1)2(nEs)

which, neglecting the degeneracy factor and accounting for
the different definitions of the thermal velocity vy, perfectly
agrees with a classical result by Shur for a 2D nondegenerate
electron gas [9]. Next we observe that eq. (4) may be derived
from the application of Matthiessen’s rule, i.e.

&)

Mot = lhat + 15" (©)
having defined the scattering-limited mobility ps. as follows

_ |2 4 Ly V7 fo(nss)
Msc = . : )
T mivth L }_—1/2(77ES)

The thermionic process of carrier emission over the potential
barrier at the device virtual source and the scattering process
within the nanowire may thus be thought of as two limiting
factors of carrier mobility acting in series. As opposed to [7],
lsc depends in this treatment on the ratio Lg/ L, which may
appreciably differ from one at the shorter gate lengths.

III. RESULTS AND DISCUSSION

The mobility data presented in this section are based
on self-consistent simulations of cylindrical NW-FETs with
varying gate lengths, according to the procedure outlined
in [5]. Therefore, no simplifying assumptions are taken in
the computation of the barrier height at the device virtual
source and multiple subbands are considered, as opposed to
the treatment in the previous section which, for simplicity,
refers to a single subband. The computations account for
acoustic phonons (AP) and surface roughness (SR), but neglect
Coulomb scattering, due to the assumption of an undoped
nanowire within the channel. Unless otherwise specified, in
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Fig. 1. Effective mobility of 5 nm diameter NW-FETs vs. effective field and
inversion charge (upper scale) for different gate lengths. The computation
accounts for AP and SR scattering. The gate voltage ranges from 0.5 to
1.4V in steps of 0.1V. Takagi’s universal mobility curve [10] is reported for
comparison with the theoretical mobility computed at the largest gate length
Ly = 850 nm.
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Fig. 2. Comparison of effective, ballistic, and scattering-limited mobilities
vs. gate length for 5 nm NW-FETs. The effective normal fields E.q = 6 X
10% V/em (top) and E.g = 108 V/em (bottom).

our simulations the NW diameter is 5 nm, the source and
drain regions are 10 nm long and the EOT equals 1 nm. Fig.
1 plots the effective mobility of electrons in NW-FETs with
different gate lengths vs. the effective field. The reason for the
flattening of the curves at low fields is due to the assumption
of a negligible Coulomb scattering. The effective mobility
decreases as the gate length is reduced according to the factor
Ly/(2Ap + L). Instead, mobility decreases at high effective
fields mainly due to carrier degeneracy. In the same figure,
Takagi’s universal mobility [10] is plotted for comparison. Fig.
2 represents Lofr, Ubal and pse vs. gate lengths at the effective
fields E.g¢ = 6 x 10* V/em (top) and E.q¢ = 10° V/em (bottom).
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Fig. 3. Electron mean-free path vs. effective field for different gate lengths
of 5 nm diameter nanowire FETs. The drop of the curves at the largest fields
is due to the carrier repopulation of the primed ladder.
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Fig. 4. Scattering-limited mobility vs. effective field for different values of
the gate length. The ratio Ly /L in eq. (2) reverses the sequence of the curves
with respect to that of the mean-free paths.

Ubal 1s strictly proportional to the gate length; instead, pgc iS
weakly varying at the lower field as L, changes from 10 to 300
nm, despite its dependence on the ratio L,/L which ranges
from 0.33 to 0.94 in our simulations. The carrier mean-free
path is plotted in fig. 3 vs. the effective field for different
gate lengths. The sensitivity of A\, with the gate length at
low fields is due to the influence of the source and drain
regions, where the scattering rate is lowered due to the higher
kinetic energy and the reduced density of states. The drop at
large fields is due instead to the repopulation of the primed
subband ladder, which enhances the scattering rate via the
larger transport and the smaller radial effective masses [5].
The moderate variation of \;, across the explored range of gate
voltages (from 0.5 to 1.4 V) indicates that the combined effect
of AP and SR scattering is not overly sensitive to the effective
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Fig. 5. AP, SR, and AP+SR mean-free paths vs. effective field for the gate

lengths Ly = 30 (left) and Ly = 300 nm (right). The shorter gate lengths
reduces the growth of the AP mean-free path.
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Fig. 6. AP, SR and AP+SR mobilities vs. effective fields for the gate lengths
Lg =30 nm (left) and Ly = 300 nm (right). The shorter gate length reduces
the growth of the AP mobility.

normal field, and contradicts our perception of a more intense
scattering rate intrinsically related with the high gate voltage.
Therefore, the degradation of g and ps. visible in fig. 1 and
in fig. 4, is mainly due to the effect of carrier degeneracy.
In order to investigate this aspect further, we plot in fig. 5
the AP and SR mean-free paths vs. effective field for two
gate lengths, namely 30 (left) and 300 nm (right). For both of
them, we notice a growth of A, (AP) with the electric field
due to the increased form factor, which reflects the widening
of the electron distribution in the NW as the gate voltage is
increased. For the same reason, the nearing of electrons to
the interface lets A\, (SR) monotonically decrease with the
effective field. The partial compensation of the two effects
makes the global mean-free path nearly uniform. The influence
of the gate length on mobility is highlighted in fig. 6, where the
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Fig. 7. AP (left) and AP+SR (right) mobilities for a 100nm long NW-FET
vs. effective field for three different diameters of 3, 5, and 7 nm.

AP, SR and AP+SR mobilities are plotted for L, = 30 nm (left)
and L, = 300 nm (right). The AP mobility of the longer device
exhibits a growth due to the increase of the form factor with
the effective field, until the degeneracy factor prevails forcing
the curve to bend down. This effect, however, disappears at
Ly = 30 nm due to the short-channel effect, which makes
degeneracy stronger at smaller gate voltages. Fig. 7 shows the
influence of the NW diameter on the AP (left) and AP+SR
(right) mobilities for a gate length of 100 nm. For the larger
diameter (D = 7nm) the electron distribution is not confined
at the center of the NW, and a thin inversion layer forms in the
vicinity of the interface, similarly to the case of a 2D electron
gas. Hence, the AP mobility does not exhibit a growth with
the effective field, but shows instead a decreasing behavior. For
the smaller diameter (D = 3 nm), the electron confinement is
much stronger, and a larger field is required in order to enhance
the form factor, so that the mobility growth is shifted to higher
effective fields and prevails over the degeneracy factor despite
its decrease from 1 to 0.53 for the first subband at the largest
field. When the combined effect of AP and SR is accounted
for, the two NWs with the largest diameter exhibit the standard
decreasing behavior, while the NW with the smallest diameter
shows a nearly flat, although much reduced, mobility.

IV. CONCLUSIONS

In this work, we have examined the behavior of carrier
mobility in thin NW-FETs subject to quasi-ballistic transport.
The mobility model is derived from a rigorous analytical
solution of the BTE, and we find that the effective mobility
at short gate lengths may be thought of as the Matthiessen’s
combination of the ballistic and a scattering-limited mobility
which retains in its expression the ratio between the gate and
the device lengths. The computations account for AP and SR
scattering, as well as for multiple subbands in the nanowire
FET via the numerical solution of the coupled Schorodinger-
Poisson equations. Therefore, no major simplifying assump-
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tions are taken. As opposed to the long-channel mobility,
it is found that the effective mobility at short gate lengths
has a nonlocal nature which makes it not useable for device
simulation purposes. On the other hand, it corresponds to the
experimental mobility determinations in short-channel FETs,
and may thus be used for the interpretation of experimantal
data and the extraction of physical parameters.

One of the main conclusions of this work is that the degrada-
tion effect which occurs at large gate fields is not so much due
to an increased scattering rate but, rather, to carrier degeneracy,
at least for nanowire diameters around 5nm. This conclusion
is supported by the relatively uniform carrier mean-free path
against the effective field. This is due to a partial compensation
of the separate effects of AP and SR scattering. The growth
of the form factor with the effective field makes in fact the
AP mean-free path increasing, thus balancing the growth of
SR scattering. The electron mobility, however, is invariably
decreasing with the gate voltage due to carrier degeneracy,
which represents the main mobility degradation factor.
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