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Prior work calculated the contact resistivity, qcN, of end-bonded metal contacts on n-type silicon
NanoWires (NWs) of radius, R ¼ 5–10 nm and doping, Nd ¼ 1018–1020 cm3; it described the internal physics briefly and qualitatively, and considered long NWs and high barrier heights,
/b0 ¼ 0.8–1.0 V. The present work extends the qcN calculations to low /b0 ¼ 0.4–0.6 V contacts
with long NWs, and to low to high /b0 ¼ 0.4–0.8 V contacts with short NWs of length, LNW  long
NW space-charge width. It calculates the space-charge and current distributions in contacts with
LNW ¼ 50 nm–2 lm and low to high /b0 ¼ 0.4–0.8 V to provide the following insights: (i) radial
non-uniformity in space-charge width and current are high enough to violate the plane spacecharge edge assumption employed to model NW junctions analytically. The non-uniformity peaks
at Nd where the bulk depletion width 2.14R for large metals and small surface charge. (ii) Low
/b0 contacts are tunneling dominated, and their qcN versus Nd behaviour differs qualitatively
from that of high /b0 contacts. (iii) Practical LNW can be long NW space-charge width, for
Nd  1019 cm3. Shortening the LNW reduces the space-charge non-uniformity and increases
(reduces) the tunneling [generation-recombination (GR)] current. However, the current nonuniformity is unaffected, and the change in current or qcN is disproportionately smaller than that in
LNW, since the tunneling or GR causing these occur over a small region near the junction which is
less affected by NW shortening. All our calculations include the effects of contact geometry, surface
defects, dielectric confinement, image force, and heavy doping. Our work provides an experimentalist clear qualitative understanding over a wide range of conditions. Published by AIP Publishing.
https://doi.org/10.1063/1.5041330
I. INTRODUCTION

NanoWire (NW) devices communicate with the outside
world through metal contacts whose contact resistivity
affects NW device characteristics.1–3 This paper studies an
end-bonded4 metal contact, shown in Fig. 1, encountered in
some NW devices and in the characterization of single or
arrays of NWs.5–10 The structure shown in Fig. 1(a) has a
NW which is much longer than the space-charge width.
Figure 1(b) shows a structure having a short NW whose
length, LNW, is comparable to or smaller than the spacecharge width of the long NW structure in Fig. 1(a); on the
side opposite to the metal contact, the NW is terminated by a
wide nþ substrate (doping ¼ 5  1020 cm3) on which the
NW is realized. Analysis of the simple structure of Fig. 1(b)
can give a feel for the charge distribution, current distribution, and contact resistivity in a NW contact which is a part
of a device, e.g., contact to the ungated portion of a NW
FET; in this case, other parts of the device limit the portion
of the NW which can be influenced by the surrounding field
from the contact. We denote the contact resistivity of the
long NW structure in Fig. 1(a) as qcN1 (1 means long) and
that of the short NW structure of Fig. 1(b) as qcN.
a)
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Recently,11 we presented numerical calculations of the
doping dependence of qcN1 of Al, Pt, and PtSi contacts12–14
having a high intrinsic barrier height of /b0 ¼ 0.8–1.0 V on thin
long n-type silicon NWs of radius R ¼ 5–10 nm (Refs. 7, 15,
and 16) and heavy doping4–6,8,15,17,18 of Nd ¼ 1018–1020 cm3,
embedded in SiO2; the following points were made:11
•

•

qcN1 should be estimated using the formula8 qcN1 ¼ ½dI=
dVjV!0 1 pR2 , where I is the total current through the
junction area pR2 , rather than the more common formula12
qcN1 ¼ ½dJ=dVjV!0 1 based on a uniform current density, J, over the contact area; this is because, in such NW
contacts, the space-charge edge and hence J are radially
non-uniform.
apart from tunneling which affects the contact resistivity,
qcB, of bulk contacts, space-charge generation-recombination (GR) current also affects qcN1 at lower doping near
1018 cm3.

The above prior work11 was focused on the calculation
of qcN1 which is a terminal characteristic. The work
explained the calculated trends by barely touching upon the
internal physical picture qualitatively in terms of the spacecharge distribution, current distribution, and interplay of
tunneling and GR currents. Moreover, the work did not consider commonly encountered contacts with either a short
NW of length LNW < a few hundred nm,19 or with NiSi, TiSi,
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II. DEVICE STRUCTURE AND HIGH SURFACE
TO VOLUME RATIO EFFECTS

Figure 1 gives the device structure. The geometrical
parameters of the NW contact are its radial extension, LE, and
the cylindrical protrusion, LP; LE represents the effective
metal electrode22 over a NW of an array or a probe tip contacting a single NW; LP represents6 the metal penetration into
the NW or a possible metallic nano-particle sandwiched
between the NW and contact. The NW has a radius R, an ntype doping Nd, a permittivity es, and when short, a length
LNW. The permittivity ea of the NW ambient governs the surrounding field which influences the charge and field conditions in the NW; in the present work, we have assumed
a SiO2 ambient whose ea ¼ 3.9. The NW surface has a
charge23–25 QS and surface recombination velocity,6 s, caused
by surface defects. Thus, the parameters of a NW contact can
be summarized as R, LNW, LE, LP, QS, s, Nd, es, and ea.
The high surface to volume ratio ¼ 2/R of the NW has
the following consequences:
•

FIG. 1. Schematic of the metal contact to a long (a) and short (b) n-type
semiconductor nanowire analysed in this paper, showing the geometrical
parameters, charges, field lines, and surface defects, which are responsible
for surface charge and recombination. The z-axis is the axis of the NW and
its origin is located at the contact. In (b), doping of the nþ substrate is
5  1020 cm3.

ErSix or YbSix metals12,20,21 which have a low /b0 ¼ 0.4–0.6
V to n-type silicon NWs.
The purpose of the present work is to provide a comprehensive physical insight into the operation of end-bonded contacts to long and short NWs by: (a) extending the qcN
calculations to low /b0 ¼ 0.4–0.6 V contacts with long NWs,
and to low to high /b0 ¼ 0.4–0.8 V contacts with short NWs of
length, LNW  long NW space-charge width; (b) calculating
the internal physical picture of contacts over the wide range of
/b0 ¼ 0.4–0.8 V on n-type silicon NWs of R ¼ 5–10 nm,
LNW ¼ 50 nm–2 lm and Nd ¼ 1018–1020 cm3 embedded in
SiO2. The internal physical picture consists of the spacecharge and current non-uniformities, energy location of tunneling, spatial distribution of GR current, and relative contributions of tunneling and GR currents. The calculations are done
using the TCAD (Technology Computer Aided Design) simulator. Our work provides an experimentalist clear qualitative
understanding over a wide range of conditions.
Section II describes the device structure and the physics
unique to the high surface to volume ratio of NWs. The simulation methodology is similar to that described in Sec. IV of
our prior work;11 its key features are summarized in the
Appendix for the convenience of readers. Section III discusses the calibration of the simulator. Section IV discusses
our results for contacts with long NWs regarding spacecharge and current non-uniformities, role of tunneling and
generation-recombination currents, and doping dependence
of contact resistivity. Section V discusses similar results for
the contacts with short NWs.

•

The effective lifetime, sN, in the NW is reduced by orders
of magnitude below the bulk lifetime,sB, due to magnification of the effect of surface recombination as per the for1
5
mula6 sN ¼ ðs1
B þ 2s=RÞ ; typically s ¼ 2.5  10 cm/s
and sB ¼ 1 ls yielding sN ¼ 1 ps for R ¼ 5 nm.
As compared to a bulk junction, the space-charge width is
increased due to: (a) surrounding field lines7,22,26,27 setup
on the NW surface by the metal contact; (b) NW surface
charge23–25 QS of polarity opposite to that of the ionized
dopants; and (c) reduced dopant ionization arising from
increased ionization energy due to dielectric confinement15,28,29 of dopants.

Figure 2 depicts possible mechanisms of current flow
relevant to metal contacts on a heavily doped semiconductor
NW. These include tunneling and generation-recombination,
which cause currents IT and IGR, respectively. The much
higher space-charge width in a NW junction (as compared to
a bulk junction) cuts down IT7 but raises IGR, which is further
enhanced by sN  sB.5,6,30 The sum (IT þ IGR) remains much
higher than thermionic emission, which can therefore be
neglected; we have confirmed this in our simulations.
III. SIMULATOR CALIBRATION

We have simulated IT and IGR using TCAD
SENTAURUS,31 for an applied reverse bias of one thermal
voltage, Vt, indicative of a small bias relevant for contact
resistivity calculation. See the Appendix for the models,
boundary conditions, and parameter values employed in the
simulation.
To calibrate our IT simulations, we used bulk contacts
having the same doping and barrier height range as the NW
contacts. This is because the contact resistivity qcB of these
contacts is known to be governed by tunnelling alone, and
literature has a lot of measured and simulated data on qcB.
We calibrated our qcB simulations for /b0 ¼ 0.4–0.6 V in two
ways. First, we confirmed that our simulations indeed reproduce the values of qcB reported in Ref. 7 for GaAs contacts
with /b0 ¼ 0.4, 0.6 V at 300 K. Second, Fig. 3 shows that our
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FIG. 2. Schematic of conduction band
profiles, EC, in a bulk contact and in a
NW contact along its axis and surface
at small reverse bias. Significant electron transport mechanisms, energy distribution of tunnelling electrons, and
image force barrier lowering, D/, are
shown.

simulations match the measured qcB of NiSi metal contacts
on bulk n-silicon32 over a wide doping range of 3  1018
 Nd  2  1020 cm3 at T ¼ 300 K using /b0 ¼ 0.55 V and a
doping independent tunneling effective mass m ¼ 0.3m0.14,33
Our /b0 value is close to the value of 0.53 V used in Ref. 34
to match their simulation to the same measured data. Figure
3 also gives our calibration of qcB simulations for Al contacts
with /b0 ¼ 0.8 V reported in our previous work.11
Calibration of our IGR simulations was confirmed by the
reasonably close match between our simulations of the effective generation width in the space-charge region of a bulk
junction for a reverse bias of Vt with that reported in Ref. 35.
This width corresponds to the part of the space-charge region
where the electron and hole concentrations are less than the
intrinsic concentration. See the IGR calibration of our previous work11 for more details.
IV. RESULTS AND DISCUSSION FOR A LONG
NANOWIRE

We simulated n-type silicon NW contacts with R ¼ 5,
10 nm, /b0 ¼ 0.4, 0.8 V, and Nd ¼ 1018–1020 cm3 under a
small reverse bias ¼ Vt relevant for contact resistivity calculation, at T ¼ 300 K. Unless stated otherwise, other parameters employed in our simulation are: LE ¼ 350 nm, LP ¼ 0, ea/
e0 ¼ 3.9, Qs ¼ 0, m ¼ 0.3m0, sB ¼ 1 ls, and s ¼ 2.5  105 cm/
s which yield sN ¼ 1, 2 ps for R ¼ 5, 10 nm. Models and
boundary conditions employed in simulations are given in
the Appendix.

FIG. 3. Calibration of our TCAD simulations (lines) using measured resistivity (points) reported in literature for Al13,14 and NiSi32 contacts on bulk ntype silicon at T ¼ 300 K.

A. Space-charge non-uniformities

The unique features of the space-charge distribution in
heavily doped NW contacts can be discerned from Fig. 4,
which shows a schematic of this distribution along the NW
length for long and short NWs for Nd > 1018 cm3. Define
the space-charge width as the distance from the junction
where space-charge falls to 50% of its maximum occurring
at the junction. Focusing on the curves for the long NW,
we find that the space-charge width at the surface, WS1, is
higher than that at the axis, WA1. To investigate this phenomenon further, Fig. 5(a) shows the calculated distributions for R ¼ 5 nm and different Nd  1018 cm3. Previous
theoretical nanowire junction analyses, e.g., Refs. 5–7,
have been restricted to Nd  1018 cm3, and have centered
on the enhancement and axial non-uniformity of the
space-charge, assuming it to be radially uniform, i.e., WS1
 WA1. In Fig. 5(a), these conditions are seen to apply at
Nd ¼ 1  1018 cm3. However, at higher Nd, the spacecharge width as well as the tail beyond are much higher at
the surface than at the axis. Figure 5(b) gives the radial
contours of the space-charge width at the doping levels
considered in Fig. 5(a).
The physical origin of the above radial non-uniformity
in space-charge width can be traced to the coexistence of
radial and axial fields. This can be seen with the help of
Gauss’s law with cylindrical symmetry and fully depleted
space-charge inside the NW, given by

FIG. 4. Schematic of the normalized space-charge distribution along the
NW axis (dashed line) and surface (solid line), defining the various spacecharge widths in contacts with long and short NWs.
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assumption to derive an analytical model for the space-charge
region in these junctions. To aid the derivation of such an analytical model and for use in NW device design until such a
derivation becomes possible, Figs. 6(a) and 6(b) reports the
calculations of WS1 and WA1 as a function of Nd for different
R and /b0. Figure 6(c) shows that the ratio WS1/WA1, which
represents the degree of radial space-charge non-uniformity,
is a peaked function of Nd. Also, the ratio decreases with
reduction in LE due to the reduction in the surrounding field,
and the peak is almost non-existent for LE ¼ 25 nm.
We can derive a closed-form estimate of the Nd corresponding to the peak ratio for large LE and small QS in Fig.
6(c), by analyzing the distributions of the radial field at the
surface, ER, and the axial field at the axis, EA, over the NW
space-charge region at the peak points. By way of example,
Fig. 6(d) shows the ER and EA at the peak point for R ¼ 5 nm
and /b0 ¼ 0.8 V. Let EAm denote the maximum value of EA
occurring at the junction and f the fraction of the NW spacecharge contributing to EA so that the fraction (1–f) contributes to ER. Based on Gauss’s law, we can write
EAm ¼
FIG. 5. (a) Simulated normalized space-charge distribution as a function of
distance from the contact to a long NW (solid line) and a bulk contact (dashed
line) at different doping levels. The solid line with lower space-charge width
corresponds to the axis and the other to the surface. (b) Radial variation of the
space-charge width W(r) normalized to its surface value WS1, for doping levels of (a). The colour variation from red to blue amounts to space-charge variation from its maximum to 50% of the maximum value. See the first para of
Sec. IV for values of parameters other than those shown here.

Er @Er @Ez qNd
þ
þ
¼
;
r
@r
@z
es

(1)

where Er and Ez are radial and axial fields. If the spacecharge is induced predominantly by the radial field Er, then
the @Ez =@z term would be negligible and the charge picture
would be similar to a fully depleted side-bonded contact
with radially uniform space-charge. Similarly, a radially uniform space-charge analogous to that of a planar junction
would exist, if the space-charge is predominantly due to the
axial field Ez, wherein the radial terms of (1) are negligible.
Since the potential drop from the metal contact to any point
on the space-charge edge is the same ¼ built-in voltage for
all r, a radially non-uniform space-charge width must mean
that the solution of Eq. (1) has radially varying Ez. This is
possible only if both the radial and axial terms of Eq. (1) are
significant, i.e., the space-charge is due to both Er and Ez.
Further, Er must have a non-linear radial variation, so that first
two terms of the LHS and thus Ez would be a function of r.
An important implication of the above large radial variation of the space-charge width is that it is not possible to
define a unique space-charge width for junctions between a
heavily doped NW and metal. Recall5,22,26,36,37 that a plane
space-charge edge was a key assumption in the derivation of
an analytical model for the space-charge width in moderately
doped NW junction arrays. The curved nature of the spacecharge edge [Fig. 5(b)] in heavily doped NW junctions
would necessitate the identification of an alternate

qNd WA1
f;
es

ER ¼

qNd R
ð1  f Þ:
2es

(2)

Figure 6(d) shows that we can approximate EA to be linear as
a function of distance and ER to be constant over WA1. From
Eq. (2), constancy of ER implies constancy of f with distance.
Noting that the area under the EA distribution is equal to
(built-in potential plus reverse bias of Vt)  /b0, and the
space-charge width in a bulk contact with the same doping
and barrier
height asﬃ the NW contact can be written as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
WB ¼ 2es /b0 =ðqNd Þ, we get
pﬃﬃﬃ
WA1 ¼ WB = f :
(3)
Considering that the non-uniformity is created by the coexistence of radial and axial fields, it is of interest to examine the
ratio k ¼ ER/EAm. From Eq. (2) and Eq. (3), we can write k as


R 1f
pﬃﬃﬃ ;
(4)
k¼
WB 2 f

which can be transformed as

WB 1  f
¼ pﬃﬃﬃ :
R
2k f

(5)

For the four cases shown in Fig. 6(c), at the Nd corresponding to the peak points, we calculated f using the numerically simulated value of WA1 from Figs. 6(a) and 6(b) in Eq.
(3), and then k from Eq. (4). We found that f lies in the range
0.26–0.52 and k in the range 0.18–0.31, but the ratio WB/R in
Eq. (5) lies within 15% of 2.14. Hence, at the peak point, we
approximate Eq. (5) as the following simple relation for WB
in terms of R, or equivalently, Nd in terms of R and /b0
WB  2:14R ) Nd  0:44

es /b0
:
qR2

(6)

Table I gives the values of the peak ratio and the doping at
which this peak is attained, from Fig. 6(c) as well as from
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FIG. 6. (a) and (b) Doping dependence
of the simulated space-charge width in
contacts to long NWs. The bulk spacecharge width is shown for comparison.
(c) Doping dependence of radial nonuniformity of the simulated spacecharge width, represented by the ratio
of the space-charge width at the surface, WS1, to that at the axis, WA1. (d)
Distribution of the radial field at the
surface, ER, and the axial field at the
axis, EA, over the NW space-charge
width, WS1. See the first para of Sec.
IV for values of parameters other than
those shown here.

Eq. (6). For WB
2.14R or low Nd, the surrounding field
penetrates deep into the NW, while at the other extreme of
WB  2.14R or high Nd, the surrounding field penetrates too
little, leading to low non-uniformity in either case.
B. Generation-recombination and tunneling currents

The simulator estimates IT using the non-local electron
tunneling model, as per which the tunneling rate between the
junction and a point, in a direction perpendicular to the junction area, is represented as a net generation rate GT in the
electron continuity equation.38 On the other hand, the IGR is
estimated based on the SRH (Shockley-Reed-Hall) theory,
where the electron and hole time constants sn and sp are both
set equal to sN to capture the effect of high surface recombination. In order to identify the dominant current mechanism
(see Fig. 2) in the metal-NW junction, Fig. 7 shows the conduction band profile, EC, generation rate equivalent of
tunneling, GT, and SRH generation rate GSRH along the NW
axis for a reverse bias of Vt and different Nd and /b0. We
have considered a NW with R ¼ 5 nm by way of example.
In Figs. 7(a) and 7(b), the peak of EC lies below the top
of the barrier /b0 due to image force barrier lowering, D/,
TABLE I. Parameters related to the peak space-charge non-uniformity point
in Fig. 6(c).
Doping (1018 cm3) at peak
R (nm) /b0 (V) Peak ratio from Fig. 6(c) From Fig. 6(c)
5
10

0.4
0.8
0.4
0.8

3.1
6.7
2.9
5.7

3.5
8.5
1.0
3.0

From Eq. (6)
4.4
8.8
1.1
2.2

which increases with the peak electric field or gradient of EC
at the junction, and hence with Nd. The value of EC corresponding to the peak GT represents the energy location of
peak emission depicted by the horizontal arrow representing
tunneling in Fig. 2; analogously, the energy width of this
emission is derived by projecting the effective generation
width from the z-axis on to EC. Using this approach, we can
see that, independent of the value of /b0, the energy location
of peak emission or tunneling is close to the top of the barrier
for Nd ¼ 1  1018 cm3 and near the middle of the barrier for
Nd ¼ 1  1019 cm3 indicating thermionic field emission in
these cases; the peak emission is near the bottom of the barrier
or the Fermi-level for Nd ¼ 1  1020 cm3 indicating field
emission. Figure 7(c) shows the GSRH for Nd ¼ 1  1018 cm3
alone, for which it turns out to be significant as will be
explained shortly. The GSRH peak location lies within 75 nm
from the junction. In Figs. 7(a)–7(d), for both GT and GSRH,
we define the effective generation width as the distance
between the locations on the z-axis where the generation rate
falls to 10% of its peak. Based on the peak location and effective width, we find that the SRH generation happens close to
the junction within <12% of the space-charge width WS1
 WA1 shown in Fig. 6(a). The area under the generation rate
represents current density, which when integrated over the
NW cross-section yields the current. This is how the tunneling
current, IT, is derived from GT, and generation-recombination
current, IGR, is derived from GSRH.
Consider the situation for /b0 ¼ 0.8 V. For
Nd ¼ 1018 cm3, the peak GSRH [see Fig. 7(c)] is more than
100 times higher and its effective width 20 times higher
than those of GT [see Fig. 7(a)], indicating the dominance of
IGR over IT. However, similar simulations for Nd ¼ 1019 cm3
and 1020 cm3 show that IT dominates over IGR by more than
two orders of magnitude at these doping levels. For
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FIG. 7. Axial variation of the simulated conduction band edge, EC
(dashed line) and generation rate, GT,
representing tunnelling (solid line) in
contacts to long NWs with R ¼ 5 nm,
for different doping levels and barrier
heights /b0 ¼ 0.8 V (a) and 0.4 V (b).
EC ¼ 0 represents the metal Fermilevel. Axial variation of the simulated
SRH generation rate, GSRH, at different
doping levels is given in (c) and (d).
See the first para of Sec. IV for values
of parameters other than those shown
here.

/b0 ¼ 0.4 V, IT dominates over IGR by more than six orders
of magnitude at all doping levels in the range
Nd ¼ 1018–1020 cm3. In Fig. 7(c), GSRH is much smaller at
/b0 ¼ 0.4 V than at /b0 ¼ 0.8 V, because 0.4 V < half of silicon bandgap ¼ 0.55 V; consequently, throughout the NW
space-charge region, the hole concentration, p, is much less
than the electron concentration, n, implying the absence of a
point where p ¼ n around which SRH generation occurs.
C. Current non-uniformities

The axial and radial current distributions in the NW can
be explained in the light of radial non-uniformity in the
space-charge region and behaviors of IGR and IT discussed so
far. Some prior studies5–7 on NWs have approximated the
current density to be uniform over the area of the crosssection. As we show below, this approximation breaks down
for Nd and R considered in this work.
Figure 8 gives the axial distribution of the current density, jJzj, directed along the NW length, at the axis and the
surface; this corresponds to a situation where IGR is dominant, and is chosen for illustration since its features include
those observed when IT dominates. The location where the
jJzj distribution at the axis crosses that at the surface coincides with the GSRH peak location in Fig. 7(c). From this
location, the generated holes move towards the junction
while the generated electrons move away due to the axial
field [see Fig. 1(a)]; simultaneously, the radial electric field
moves the holes towards the surface and electrons towards
the axis. Thus, close to the junction, the jJzj is due to holes
and higher at the surface than at the axis, while away from
the junction, jJzj is due to electrons and higher at the axis
than at the surface. Much farther away from the junction, the
jJzj at the axis and surface approach each other due to progressive fall in the radial field. In a nutshell, jJzj due to electrons tends to be uniform far away from the junction, but
radially non-uniform with higher value at the axis than the

surface as the junction is approached. This feature associated
with the electron current is applicable even when IT dominates, since tunneling current in an n-type NW is due to electrons alone, and so is common to all values of Nd and /b0.
However, as we discuss below, when IT dominates, the radial
non-uniformity in GT accentuates the radial non-uniformity
of jJzj due to the radial electric field.
Figure 9(a) shows the detailed radial variation of jJzj in
a normalized form for R¼ 5 nm, /b0 ¼ 0.4, 0.8 V, Nd ¼ 1018,
1020 cm3 and an in-between Nd value at which the spacecharge non-uniformity is the maximum (see Table I). At
Nd ¼ 1  1018 cm3, the non-uniformity is the smallest
regardless of whether /b0 ¼ 0.4 V for which IT dominates or
/b0 ¼ 0.8 V for which IGR dominates. This is because, as
argued above, this non-uniformity is radial field related; simulations confirm that at Nd ¼ 1  1018 cm3, GSRH and GT are
approximately constant radially because WS1 and WA1 are
almost the same [see Fig. 6(c)]. For higher Nd, where IT

FIG. 8. Variation of the simulated axial current density along the NW axis
and surface as a function of distance from the contact to a long NW, where
generation-recombination dominates over tunnelling. See the first para of
Sec. IV for values of parameters other than those shown here.
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FIG. 9. (a) Radial non-uniformity of
the normalized axial current density at
different doping levels and barrier
heights in a contact to a long NW. (b)
Axial current density at different surface charges. Normalized variation is
given in the inset. See the first para of
Sec. IV for values of parameters other
than those shown here.

dominates regardless of /b0, the non-uniformity in jJzj is
higher and peaks at Nd corresponding to peak space-charge
non-uniformity. This jJzj non-uniformity is therefore linked to
non-uniformity in space-charge width, and hence in GT, apart
from the radial field. Simulations show that peak GT decreases
from axis to surface by 7.2–23 times for
Nd ¼ 1019–1020 cm3. This is because GT depends strongly on
the EC distribution. Smaller electric field along the NW surface causes lesser image force barrier lowering D/ (see Fig.
2) and higher tunneling distance, both of which reduce the
tunneling probability. It is seen that, when non-uniformity
peaks, for R ¼ 5 nm, the current density at the axis is 2.5 (10)
times that at the surface for /b0 ¼ 0.4 (0.8) V; for R ¼ 10 nm,
the current density at the axis is 2.6 (13) times higher than at
the surface.
Figure 9(b) illustrates the effect of QS on the radial distribution of jJzj when IT dominates. It is seen that positive (negative) QS which increases (decreases) the effective n-type
doping, raises (lowers) the current due to reduction (expansion) in space-charge width. However, the current distribution

plotted in a normalized form as in the inset of Fig. 9(b) shows
that QS does not affect radial non-uniformity.
D. Contact resistivity

In a previous work,11 we discussed the doping dependence of qcN1 of Al, Pt, and PtSi contacts12–14 which have a
high /b0 ¼ 0.8–1.0 V to n-type Si. In the present work, we
focus on the qcN1 of NiSi, TiSi, ErSix, and YbSix contacts12,20,21 which have a low intrinsic barrier height of
/b0 ¼ 0.4–0.6 V to n-type NW, and point out how these contacts behave differently than those with higher barrier
heights studied in our previous work.11
Figure 10(a) shows the doping dependence of qcB and
qcN1 for R ¼ 5 nm and large LE. For /b0 ¼ 0.4–0.6 V, it is
seen that both qcN1 and qcB decrease monotonically over the
entire doping range. This is because IT dominates over IGR in
bulk junctions, as well as in NW junctions with these /b0 as
discussed above; IT is known to increase with doping.
Further, qcN1 is higher than qcB since NW junctions have a

FIG. 10. (a) Simulated doping dependence of the resistivity qcN1 of contacts to long NWs and qcB of bulk
contacts at different barrier heights and
T ¼ 300 K. (b) Doping dependence of
the simulated ratio qcN1/qcB at different barrier heights and NW radii. (c)
Same as (b) for different values of contact extension, LE, and metal protrusion, LP. (d) Same as (b) for different
values of surface charge, QS. See Ref.
11 for results similar to (c) and (d) at
/b0 ¼ 0.8 V. See the first para of Sec.
IV for values of parameters other than
those shown here.
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higher space-charge width and hence a lower IT than bulk
junctions.7,11 In contrast, for /b0 ¼ 0.8 V, qcN1 is seen to be
less than qcB for Nd < 2  1018 cm3 and increasing with doping up to Nd ¼ 5  1018 cm3. Our previous work11 attributed
this to the dominance of IGR in the NW junction in this doping
range. The present work illustrates this feature with the help
of the GSRH distribution in the NW [see Fig. 7(c)] and GT distributions in the bulk and NW [see Fig. 7(a)]. The area under
the GSRH distribution is seen to be much higher than that
under bulk GT, which in turn is much higher than that under
NW GT. The area under GSRH is high because the NW has a
much higher space-charge width and lower lifetime than a
bulk junction. Figures 7(c)–7(d) shows that the area under the
GSRH distribution, and hence IGR, decreases with doping. This
is why qcN1 increases with doping up to Nd ¼ 5  1018 cm3.
The fall in qcN1 beyond this doping is due to the dominance
of IT which increases with doping.
It is of interest to discuss doping dependence of the ratio
qcN1/qcB given in Figs. 10(b)–10(d). A model of this ratio
allows one to predict qcN1 from measured or modeled
qcB.13,39 Moreover, this ratio depends on device physics
alone, since the process and measurement related variations
in qcN1 and qcB cancel each other out in this ratio, when
qcN1 and qcB correspond to similar processes or extraction
procedures. In Fig. 10(b), qcN1/qcB decreases with Nd
monotonically for R ¼ 5 nm, /b0 ¼ 0.4 V, and R ¼ 10 nm,
/b0  0.6 V, where the current is dominated by IT. The qcN1/
qcB ! 1 for Nd > 1  1020 cm3, since the current in the NW
contact approaches that in the bulk contact, because the NW
space-charge distribution at the axis is almost same as in the
bulk contact [see Fig. 5(a)] and uniform over most of the
NW cross-section except near the surface [see Fig. 5(b)].
However, for higher values of /b0, IGR becomes more and
more significant for Nd 1  1018 cm3. Consequently,
towards lower doping levels, the qcN1/qcB versus Nd curve
for R ¼ 5 nm flattens for /b0 ¼ 0.6 V and falls drastically to
0.1 for /b0 ¼ 0.8 V, while the same curve for R ¼ 10 nm and
/b0 ¼ 0.8 V falls to 0.84.
Figure 10(c) gives the reduction in qcN1/qcB as the surrounding field is reduced by decreasing the contact extension
LE or increasing metal protrusion LP. The effect of Qs, shown
in Fig. 10(d), can be explained as follows. A Qs of opposite
polarity to that of ionized n-type dopants, i.e., a negative Qs,
depletes the NW which increases the space-charge width at
any Nd, reducing IT and increasing IGR in the NW. At higher
Nd where tunneling dominates, reduced IT raises qcN1/qcB;
as one moves towards lower Nd, generation-recombination
comes into play dropping qcN1/qcB. On the other hand, a Qs
of the same polarity as that of ionized n-type dopants reduces
the space-charge width, increasing IT in the NW and hence
reducing qcN1/qcB. The data given in Figs. 10(c) and 10(d)
corresponds to /b0 ¼ 0.4 V, since the data for higher
/b0 ¼ 0.8 V was discussed in our prior work.11
V. RESULTS AND DISCUSSION FOR A SHORT
NANOWIRE

The analysis presented so far pertains to the effects of
the surrounding field and surface defects in contacts to long
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NWs [see Fig. 1(a)] whose length LNW
WS1 is shown in
Figs. 6(a) and 6(b). However, in practical contacts with
Nd  1019 cm3 where WS1 is high, we may have LNW  WS1.
The present section analyzes how reduction of LNW to values
comparable to or less than WS1 [see Fig. 1(b)] affects the
space-charge non-uniformity, current non-uniformity, and qcN.
We anticipate that shortening LNW below WS1 will reduce the
surrounding field effects, making NW contact approach the
bulk characteristics. However, as we show, while the resulting
change in radial non-uniformity of space-charge is significant,
that in similar non-uniformity of the current density is not, and
the change in current or qcN is disproportionately smaller than
that in LNW.
A. Space-charge non-uniformities

Focus on the schematic of the space-charge distribution
for short NWs in Fig. 4. The positive distribution corresponds to NW depletion charge associated with the metal
contact, and the negative distribution to the inversion charge
associated with the NW-substrate junction. The distribution
has three critical space-charge widths—WS, WA analogous to
WS1, WA1, respectively, and the distance, W0, of the zero
space-charge point from the metal contact. All these three
are <LNW, since the edge of this space-charge layer cannot
go beyond the edge of the inversion layer formed by the
electrons transferred from the heavily doped substrate into
the lightly doped NW. We have WS > WA for reasons mentioned in Sec. IV for long NWs. However, W0 at the axis is
seen to be the same as that at the surface, the reason for
which is clear from the following logic. Suppose, for the
metal contact, W0 at the surface were to exceed that at the
axis due to the surrounding field effect, the same condition
should hold for W0 of the NW-substrate junction as well; this
is not possible since the sum of the W0 of the metal contact
and that of the NW-substrate junction equals LNW, both at
the axis and at the surface.
Figure 11 reports the calculations of the space-charge
distribution as LNW is reduced for typical NW contact configurations. The maximum values of LNW in Figs. 11(a) and
11(b) have been chosen as  WS1 of the contact structures
in the respective figures. The smaller LNW in Fig. 11(a) have
been chosen as WA1; however, the smaller LNW in Fig.
11(b) is >WA1 since a NW having LNW ¼ WA1 ¼ 16.2 nm
would be too short for practical realization. On reduction in
LNW, all the three critical space-charge widths—WA, WS, W0,
and the space-charge tails (W0–WA) at the axis and (W0–WS)
at the surface, are seen to fall in Figs. 11(a) and 11(b).
However, WA falls in Fig. 11(a) but not much in Fig. 11(b).
This is because the depth of radial penetration of Er relative
to R is more in Fig. 11(a) than in Fig. 11(b) due to the larger
LD/R ratio in the former, where LD is the Debye length.
Figure 12 illustrates that NW shortening reduces the radial
non-uniformity of the space-charge width defined by the
ratio WS/WA, due to the reduction in surrounding field
effects, and shifts the Nd at which the peak non-uniformity is
attained to higher doping levels. The reduction in nonuniformity can be understood with the help of Fig. 1(b),
where some of the field lines terminating on the metal
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FIG. 11. Simulated normalized spacecharge distribution along the axis
(dashed line) and surface (solid line) as
a function of distance from the contact,
for different NW lengths, LNW. Spacecharge edge is located at the point of
intersection of the distribution with the
horizontal line at normalized space
charge ¼ 0.5. See the first para of Sec.
IV for values of parameters other than
those shown here.

FIG. 12. Simulated reduction in radial non-uniformity of the space-charge
width as the NW length is reduced. The non-uniformity is represented by the
ratio of the space-charge width at the surface, WS, to that at the axis, WA. See
the first para of Sec. IV for values of parameters other than those shown here.

contact come from the nþ substrate rather than the NW,
reducing the surrounding field effects on the NW.
B. Current non-uniformities

Figure 8 showed the axial distribution of the IGR dominated current density, jJzj, in a long NW, directed along the
NW length at the axis and the surface. The changes in this
distribution due to NW shortening are shown in Fig. 13(a).
The current density falls because a reduction in space-charge
width lowers the GR current. The location near the contact,
where the jJzj distribution at the axis crosses that at the surface, moves closer to the contact. A similar cross-over point

appears near the NW-substrate junction where the radial
electric field is inwards, i.e., in a direction opposite to that
near the contact [see Fig. 1(b)]. The electrons generated near
the contact move towards the NW-substrate junction; on
entering the junction space-charge region, they are moved
towards the surface by the inward radial field, increasing the
current density at the surface.
Figure 13(b) shows the detailed radial variation of jJzj in
a normalized form for the NW contact configurations considered in Fig. 11. As LNW is reduced, WA and WS fall, raising
the tunneling current but reducing the GR current. Hence, if
a contact is tunneling dominated in the long NW case, it
would continue to be so on shortening of the NW; for this
reason, the contact of Fig. 11(b) is tunneling dominated for
all LNW. As far as the contact of Fig. 11(a) is concerned, it is
GR dominated in the long NW case; since GR current
reduces on shortening the NW, we used simulation to confirm that it is indeed GR dominated for all LNW considered in
this figure. It is interesting to note that, while the radial distribution of absolute jJzj and hence contact resistivity qcN are
affected by reduction in LNW, the radial distribution of normalized jJzj, shown in Fig. 13(b), which reflects the radial
current non-uniformity is seen to be relatively insensitive to
LNW in both tunneling and GR dominated contacts. The reason for this is that, as argued in Sec. IV C, the current nonuniformity arises from GT non-uniformity and radial electric
field close to the metal contact, where they are not affected
much by reduction in LNW. In contrast, the radial nonuniformity in the space-charge width discussed above is significant since it arises from the radial electric field away
from the contact, which depends on LNW.

FIG. 13. (a) Comparison of axial current density along the NW axis
and surface in contacts to NWs of different lengths LNW, where generationrecombination dominates over tunnelling. (b) Radial non-uniformity of the
axial current density at different LNW
for contacts with tunnelling and GR
dominated current. See the first para of
Sec. IV for values of parameters other
than those shown here.
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C. Contact resistivity

Simulations show that the resistivity of the NWsubstrate junction is much less than the qcN of the metal contact being studied. The simulated changes in qcN due to
shortening of LNW are reported in Fig. 14 for a variety of
NW contact structures. The values of Nd, /b0, R, and LNW
chosen are such that LNW is realizable and comparable to or
less than WS1, and both GR dominated and tunneling dominated contacts are covered. It is seen that, in the range of
LNW considered, the changes in LNW do not alter the dominant current mechanism. Further, the reduction in LNW
increases the qcN of GR dominated contacts (curves a, b),
and reduces the qcN of tunneling dominated contacts (curves
c, d); this can be attributed to the fall in GR current but rise
in tunneling current on reduction in space-charge width. On
the other hand, consider fixing LNW and altering Nd, /b0 or R
so as to increase WS1 or WA1. Such changes are seen to
reduce qcN if the contact remains tunneling dominated in
spite of the changes (curves c, d), but increase qcN if either
the contact remains GR dominated (curves a, b) or changes
from tunneling dominated to GR dominated (pairs of curves
a, c or a, d or b, c or b, d).
Consider the contacts showing maximum changes in qcN
with NW shortening (curves a and d). We find that, the 6
times change in the qcN of GR dominated contact is 20
times change in LNW from 1013 nm (¼WS1) to 50 nm, and
the 1/0.43 ¼ 2.3 times change in the qcN of tunneling dominated contact is 9.7 times change in LNW from 486 nm
(¼WS1) to 50 nm. The reason why the change in current or
qcN is disproportionately smaller than that in LNW is that both

FIG. 14. Change in contact resistivity, qcN, due to shortening of the NW
length, LNW; contact resistivity for the long NW case is denoted as qcN1; the
solid circle represents the data for L ¼ WS1 and open circle that for
L ¼ WA1; the NW ambient is SiO2 and T ¼ 300 K. See Figs. 6(a) and 6(b)
for values of WS1 and WA1, and the first para of Sec. IV for values of NW
parameters other than those shown here.

J. Appl. Phys. 124, 084502 (2018)

GR and tunneling occur over a small fraction of the spacecharge width near the junction (see Sec. IV B) that is not
affected much by NW length reduction.
VI. SUMMARY AND CONCLUSION

We simulated numerically the effects of the surrounding
field and surface defects on small-bias space-charge and current distributions of end-bonded metal contacts having a
wide range of intrinsic barrier heights /b0 ¼ 0.4–0.8 V on
thin n-type silicon NanoWires (NWs) of radius R ¼ 5–10 nm
and heavy doping of Nd ¼ 1018–1020 cm3, embedded in
SiO2. We found the following qualitative and quantitative
trends at room temperature.
The surrounding field causes significant radial nonuniformities in space-charge and current distributions for
doping Nd > 1018 cm3. This is intriguing since theoretical
nanowire analyses in literature, by and large restricted to
Nd < 1018 cm3, have found these distributions to be approximately uniform, used this condition to develop an analytical
model of the NW junction, and focused their attention on the
enhancement of the space-charge and its axial rather than
radial non-uniformity. When the NW is long, the metal size
is large and charge on the nanowire surface is negligible, the
space-charge non-uniformity peaks at Nd for which the bulk
depletion width 2.14 R. At this peak point, for /b0 ¼ 0.4
(0.8) V, the space-charge width at the surface is 3 times
(6–7 times) that at the axis, while the current density at the
axis is 2.5 times (10–13 times) that at the surface.
The energy location of tunneling is near the top, middle,
and bottom of the barrier for Nd ¼ 1018,19,20 cm3, while the
physical location of generation-recombination is near the
junction within 12% of the space-charge width. For
/b0 ¼ 0.8 V and Nd up to 3–5  1018 cm3, both tunneling
and generation-recombination influence the NW contact
resistivity, qcN1, causing it to vary slowly or even increase,
so that for R ¼ 5 (10) nm, qcN1 is 10 (1.2) times lower at
Nd ¼ 1018 cm3 but 195 (12) times higher than the bulk contact resistivity, qcB, at Nd ¼ 1019 (4  1018) cm3. However,
generation-recombination falls rapidly as /b0 is reduced or
Nd is raised. Hence, for /b0 ¼ 0.8 V and Nd > 5  1018 cm3
or /b0  0.6 V and all Nd, independent of R, qcN1 is governed
by tunneling alone, and so, falls rapidly and monotonically
with Nd. For R ¼ 5 nm and Nd ¼ 1018 (1019) cm3, qcN1/
qcB ¼ 44 (32) at /b0 ¼ 0.6 V and 18 (7) at /b0 ¼ 0.4 V. The
qcN1/qcB falls to 1.5–2.5 at Nd ¼ 1020 cm3 for all /b0 and R.
Practical contacts with Nd  1019 cm3 may have a NW
length LNW  long NW space-charge width. In such contacts,
shortening the LNW reduces the surrounding field effects,
making NW contact approach the bulk characteristics. Thus,
the radial non-uniformity in space-charge is reduced, the current in GR dominated contacts falls increasing their qcN,
while the current in tunneling dominated contacts rises
decreasing their qcN. On the other hand, if LNW is fixed and
Nd, /b0 or R are altered so as to increase the long NW spacecharge width, qcN reduces if the contact remains tunneling
dominated in spite of the changes, but increases if either the
contact remains GR dominated or changes from tunneling
dominated to GR dominated. However, while the current is
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affected, its radial non-uniformity is not, and the change in
current or qcN is disproportionately smaller than that in LNW;
e.g., for R ¼ 5 nm, /b0 ¼ 0.8 V and Nd ¼ 1  1018 cm3, 20
times reduction in LNW (from 1 lm to 50 nm) causes 6 times
increase in qcN. This is because the region over which
tunneling or GR causing the current and its non-uniformity
occur is small and located near the junction; this region is
therefore less affected by NW shortening.
Our insights and data regarding the space-charge, current,
and contact resistance variations for different Nd, /b0, R, and
LNW are useful in different ways. They provide an experimentalist clear qualitative understanding over a wide range of conditions. They are also helpful in the design, characterization,
and analytical modeling of NW devices. Our calculations take
into account the effects of the surrounding field, surface
charge and recombination, contact geometry, dielectric confinement, image force barrier lowering, and heavy doping.
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APPENDIX: SIMULATION METHODOLOGY

We have used TCAD SENTAURUS31 for our simulations. This simulator simultaneously solves the Poisson’s
equation, the drift-diffusion current density equations, and
continuity equations for electrons and holes numerically,
both inside and outside the NW for an applied reverse bias
of thermal voltage indicative of a small bias. Inclusion of the
outside dielectric in the simulation is crucial for taking the
surrounding field into account. We take into account the
heavy doping effects of partial impurity ionization, impurity
band formation, Fermi-Dirac statistics, and bandgap narrowing (as per Slotboom’s model31). While estimating impurity
ionization, increase in ionization energy due to dielectric
confinement15,28,29 is taken into account. As is known,15,22
quantum confinement effects can be ignored in Si NWs with
R  5 nm.
With regards to the boundary conditions, at the metalsemiconductor junction, the potential is taken as the sum of
the built-in potential and applied reverse bias, implying
thereby that the potential is zero far away from the junction.
The electron and hole densities at this junction are decided
12
by the thermionic emission-diffusion
theory
with image
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
force barrier lowering, D/ ¼ qE=4pes , where E is the
junction field. The electron and hole current density normal
to the NW surface are zero. Across this surface, the tangential electric field is assumed to be continuous and the normal
displacement vector is assumed to be discontinuous by an
amount equal to Qs.
The equations for the tunneling equivalent generation
rate GT, SRH generation rate GSRH, ionization energy Eion
including dielectric confinement, and the thermionic emissiondiffusion boundary condition have been detailed in Sec. IV of
our previous work.11 The following parameter values are used
in these equations. The GT is calculated using a doping and
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temperature independent tunneling effective mass m ¼ 0.3m0
for silicon.14,33 The GSRH is determined assuming the recombination center at the intrinsic level, sn ¼ sp ¼ sB ¼ 1 ls for bulk
junctions, and s ¼ 2.5  105 cm/s based on the value extracted
from measurements in Ref. 6 (this gives sN ¼ 1, 2 ps for R ¼ 5,
10 nm). The effective Richardson constant for electron tunneling in silicon12 was assumed as A* ¼ 270 A cm2 K2 at
T ¼ 300 K. The dielectric confinement formula15,28,29 predicts
an increase in Eion of phosphorus in silicon at low Nd from
45 meV in bulk to 85 meV in a NW with R ¼ 5 nm and surrounded by SiO2 ambient; analogous numbers for Nd ¼ 1018,
1019, and 1020 cm3 are Eion ¼ 55, 18, and 59 meV.
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