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Abstract

As electronic device dimensions are continuousiguced, applied bias conditions significantly charaged the
transport mechanisms must be reconsidered. Tumgndbrices are promising for scaled-down electrobiesause of
expected high-speed operation and relatively laag.biin this work, we investigated the tunnelingdess in silicon-on-
insulator lateral nanowirpn junction andpin junction devices. By controlling the substratetagé, tunneling features
can be observed in the electrical characterisiis found that the minimum substrate voltage reguioe tunneling to
occur inpn junctions is higher as compared wiim junctions. The main cause of these effects rétighe difference
between the doping profiles, since girgjunctions contain a co-doped region, while phejunctions contain ainlayer.

Abstrak

Pengamatan Efek Penyaluran dalam Persimpangan pn Pengantar Ukuran Nano Lateral. Sebagaimana dimensi-
dimensi peralatan elektronik secara terus-menegtlaubang ukurannya, kondisi-kondisi bias yang diagikan secara
signifikan berubah dan mekanisme pengangkutan tdipgstimbangkan kembali. Peralatan penyaluran amgikpn
alat elektronik yang berukuran lebih kecil dan @ndarena diharapkannya pengoperasian dengan kacdpaygi dan
bias yang secara relatif rendah. Dalam penelitignkami menyelidiki fitur-fitur penyaluran dalanegsimpangampn
pengantar ukuran nano lateral silikon pada insuladan alat-alat persimpangan berukuran jarum. Denga
mengendalikan tegangan substrat, fitur-fitur pemgal dapat diamati dalam karakteristik-karaktdeigstrik. Kami
menemukan bahwa tegangan substrat minimum yanguipe untuk penyaluran untuk terjadi dalam persinganpn
lebih tinggi dibandingkan dengan persimpangan heaik jarum. Penyebab utama efek-efek ini mengaadafiada
perbedaan-perbedaan antara profil-profil denganindogkarena persimpangagm berisi daerah yang ah-doped,

sementara persimpangan seukuran jarum berisi fapisa
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1. Introduction

Recent modern lithography capabilities allow the
fabrication of semiconductor devices in nanometer
scale. The advantages of nanoscale devices cafsist
high density, high operation speed and low applied
voltage. Reduction in device dimensions, however,
brings about several difficulties in conventionalvite
operation, in particular related to the applied shia
conditions [1]. In most semiconductor devices, lihsic
transport mechanism is thermal excitation of cesrie
over a potential barrier, but it is difficult to Eppriately
reduce the operating voltage while maintaining adyo
on/off current ratio. In order to reduce the opert

be drastically changed. In that sense, quantumetingn

is a promising candidate for improving the opermatio
conditions. The first functional device operatedsdzh
on the tunneling mechanism was the well-known Esaki
diode, which is effectively a heavily-dop@d junction

[2]. More recently, tunneling field-effect trangiss
(TFETs) [3,4] have been investigated, with their
operation relying on band-to-band tunneling cotebl
by a gate voltage.

Tunneling is a quantum mechanical effect wheraqdast
have a finite probability of transmission throughemergy
barrier due to their wave nature [5], and this etffe
becomes most pronounced in nanometer-scale stsctur

voltage and take advantage of the quantum phenomenaSo far, research about tunneling in nanometer-guale

arising in nanostructures, the transport mechamigrst
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junctions has been reported mainly for verticalcttires
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[6-8]. Tunneling in laterapn junctions has been reported
by Aydin et al. [9], but not in nanowire structures. Here,
we focus on identifying tunneling characteristias i
lateralpn junctions with nanowire channels.

In this work, we investigate in particular the beiba of
the current versus applied bias characteristicsh wit
substrate voltage as a control parameter. We canpar
tively study tunneling effects in lateral nanowitevices
designed both g junctions angin junctions.

2. Methods

Device specification and measurement setup. We
fabricated nanowire silicon-on-insulator (SOIPn
junctions, with structure schematically shown igufe
1(a). Nanowires were patterned on the SOI layeary
electron beam (EB) lithography technique. Then, a
selective doping technique was used to create-tgpe
(phosphorus-doped) armitype (boron-doped) regions.
The nanowire length and thickness are designe®@8 1
nm and 10 nm, respectively, while the nanowire lvidt
set as a parameter, varying from 75 nm to 275 nthign
study. Aluminum contact pads were formed as eldeso

Both pn and pin junctions were fabricated on the same
sample.pn junctions contain a co-doped region, which
was intentionally doped both with phosphorus (PJ an
boron (B) dopants. In thpein devices, an area in the
middle part of the nanowire was kept un-doped,rais a
layer. Schematic views of the co-doped anuldevices
are shown in Figure 1(b). B concentration was set
higher than P concentration and, as a result, the c
doped region is effectivelyp-type, with a net
concentration N =~ 0.5x13® cm?® For both devices,
final P and B concentrations, derived from secopndar
ion mass spectrometry (SIMS), are estimated toge N
1x10® cm®and Ny~ 1.5x16® cm?®, respectively. The

(a)

(b)

Figure 1. (a) Device Structure and Bias Configuration for
Electrical Characterization. (b) Co-doped (l€ft)
and pin (Right) Devices, based on SEM I mages.
Co-doped and Intrinsic Region are Located
within the Thin and Narrow Nanowire
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p-Si substrate was doped with boron,(N 1.5x13%
cm® and was used as a gate throughout the
experiments. The thickness of the buried oxide rlaye
between the nanowire and the substrate is 150 . T
nanowire is covered with a 10-nm-thick Si@yer,
grown by thermal oxidation.

Devices were measured in a vacuum chamber of an
electrical measurement system. Electrical chariatites
were measured with thp-type region and substrate
connected to variable voltage sources, whilertigpe
region was kept grounded.

3. Results and Discussion

In this section, we analyze the measured currént (I
substrate voltage \h)-applied bias (¥) characteristics,
focusing on the tunneling features.

I-Vsub characteristics. We measured |-y, characteris-
tics at room temperature for various Values, while
Vswwas gradually increased from -10 V to 15 V. The
typical 1-Vgy, characteristics, with the vertical axis
indicating the absolute value of the current I, &in
device are shown in Figure 2.

For forward bias (Y > 0V), it can be seen that current
is enhanced in the rangg V= -10 ~ 3 V. When Y, is

at positive values, current is reduced and, finafty
Vswabove 12 V, current exhibits an abrupt increase. F
reverse bias (¥ = -0.5 and -1 V), current is very small
for negative \{,, For Vs> 6 V, however, current starts
to slowly rise and, again, for Mg > 12 V, current
abruptly increases. This common behavior obseraged f
large Vg values, i.e., above 12 V, for both forward and
reverse biases, can be related to the onset o€lingn
transport in our devices. The basic mechanism hvéll
explained in the following.

We can analyze this behavior starting from the gper
band diagrams of the devices, as shown in Figute 3.
equilibrium and for \{, = 0 V, the Fermi levels ip-
type —i-layer —n-type are aligned. When positive bias is
applied to thep-type region, as in the forward-bias case
illustrated in Figure 3(a), the Fermi level of theype
will be shifted downwards and current starts tavfldf
Vsupis increased from 0 V to more positive valueshwit
V, kept constant in this forward-bias condition, the
Fermi level of tha-layer will be lowered, which means
that the barrier height in the depletion region tfz
boundary between the- andi-layers) is also reduced.
Therefore, electrons can flow more easily from the
type region into thé-layer. At the same time, however,
the concentration of holes in théayer is reduced, but it
remains still sufficiently high to allow recombiiat
with the additional electrons incoming from theype
region and, as a result, current is enhanced. This
corresponds to thegy, range -10 ~ 3V in Figure 2.
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L =1000 nm, W=75nm, T=300 K

pin Device 1

-10 -5 0 é 10 15
Vsub (V)

Figure 2. Typical |-V, Characteristics for a pin Devicein
Forward and Reverse Bias (as Indicated on the
Curves) at Room Temperature. Vertical Axis
Indicatesthe Absolute Value of Current |

(a)
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Figure3. Band Diagrams of pin Junction and [-Vg,
Characteristics for: (a) Forward Bias and
(b) Reverse Bias. V, is Constant, While Vg,
Gradually Increases from 0 V to Positive
Voltages

more positive voltages, additional electrons irgddnto
After reaching the maximum current, by further
increasing \» the concentration of holes in théayer

is drastically decreased, leading to a significant
reduction in the recombination current, observed in
Figure 2 in the range 3, = ~3 ~12 V. When Y is
increased to much larger values, the conductiord ban
edge of thei-region approaches that of thetype
region. The depletion region moves from thdype
edge to thep-type edge and, consequently, the location
of the recombination processes shifts towardpttype
region. Eventually, theé-layer conduction band edge
becomes slightly lower than thetype band edge and,
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the p-type region, assisted by tunneling via statedé t
band gap. As a result, current is drastically iasesl, as
seen in Figure 2 for ¥ >12 V. This mechanism is
effectively a recombination process enhanced by
tunneling effects.

Under reverse bias conditions [Figure 3(b)], a $mal
electron current can flow from thetype region to the
n-type region. When ¥ is increased from -10 V to the
i-layer will quickly recombine with holes, givingse to

a small current which is practically independenv/gf,

in Vg range of -10 V ~ 6V (as shown in Figure 2).
When \,,, is further increased, the concentration of
holes available for recombination in theayer is
reduced and, therefore, additional electrons areifig

as drift current. As a consequence, reverse cuignt
enhanced. By increasings, even more, the conduction
band edge of theregion potential will be shifted below
the band edge dahe n-type region and electrons can
tunnel from the valence band of théype region to the
conduction band of the-region. This band-to-band
tunneling leads to the abrupt increase of the sever
current for \{,, > 12 V. This mechanism is basically
similar to that of tunneling FETSs.

I-Va characteristics. We also measured the current
versus applied bias (I - A characteristic at room
temperature for various J\, while V, was gradually
increased from -5 to 2 V. Typical lg¥, characteristics
for pn device are shown in Figure 4. It can be seen that
in the forward bias (¥> 0 V), the dependence of current
on Vg, has a particular behavior. First, by increasing
Vsup from 0 to 6 V, current level is gradually reduced.
However, for \{,, > 6 V, current level is increased and
the features of the I-(/change significantly. For reverse
bias (Va < 0 V), the current exhibits a more systematic
behavior, as current level gradually increases Wiih,
The origin of this behavior is related to the pditdn
changes occurring in particular in the depletiogios,

as illustrated in Figure 5.

L =1000 hm, W =275 nm, T=296K
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as a result, electrons can be accumulated in the figyre4. Typical 1-V, Characteristics of pn Device for

conduction band of theregion. From there, electrons
can recombine easily with holes in the valence baind
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Various Vg, Values (Indicated on the Curves) at
Room Temperature
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Figure5. Changes of the Depletion Region Location Due to Gradually Increasing Vg, Illustrated from (a) to (c), for

Constant Forward Bias

For low forward bias and ), = 0 V, the depletion
region location is at the-type edge and electrons flow
from then-type region to the-type region as diffusion
current (Figure 5(a)). It should be noted that,our
devices, the co-doped region is actugthtype with
lower concentration, as we explained above.

By increasing \{,, the number of ionized B acceptors in
the co-doped region is enhanced. In order to rélaeh
charge neutrality condition, the depletion region

becomes wider, which leads to a decrease of the

recombination current by increasing gy For
intermediate \,, (most likely, for 6 V in our
experimental results), the depletion region logat®in

the entire co-doped region (Figure 5(b)). In this
condition, a minimum is observed in the measured
current. For \, larger than this value, the depletion
region width becomes smaller and gradually moves to
thep-type region. The location of the key recombination
events moves as well from the co-doped regiondg+th
type region. Therefore, current is observed to roba
by increasing \{;, (Figure 5(c)).

When \,,, is further increased, the conduction band
edge of the co-doped region falls below the coridoct
band edge ofi-type region. In this condition, the Fermi
level of co-doped region is close to the Fermi leafe
the p-type region. As a result, electrons can tunnehfro
the valence band of thetype region to the conduction
band of then-type region. Thus, tunneling mechanism
plays an essential role in the electrical charisttes of
nanowire laterapn andpin junctions.

The 1-Va-Vgq s characteristics. In order to visualize a
more complete picture of the device behavior, weeha
plotted I-V5uwVa graphs forpin and pn junctions, as
shown in Figure 6. The nanowire dimensions are
comparable for both types of devices, i.e., 1000imm
length and 275 nm in width.

In the pn junction characteristics (Figure 6(a)), for
reverse bias (for instance, for,\& -1.5 V), current
slightly increases whengy, is increased gradually from
-5to 5 V. Current, however, increases more drabyi

for Vg, above 5 V. It shows that a minimum substrate
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Figure6. Typical 1-Vgye-Va Characteristics for: (a) pn
Device and (b) pin Device Measured at Room
Temperature

voltage required for tunneling effects to occubi¥. In
forward bias (for instance, for &= 1.5 V), when \{,is
gradually increased from -5 to 10 V, current first
increases, then decreases and, finally, increassn at
most positive \,, values. This indicates that the
condition of tunneling in forward bias is more
complicated compared to that in the reverse bias T
situation may be related to the changes occurriritpé
depletion region location, as described above,igure

5.

The behavior fompin junction (Figure 6(b)) is almost
similar to that of thepn junction, except the required
minimum Vg, for tunneling effects. In similar reverse
bias (Vx = -1.5 V), tunneling events start to occur for
Vs = 5 V for pn junction, but approximately 4 V for
pin junction. It means that then junction requires
higher \,;, for tunneling compared to th@n junction.
These differences are most likely due to the diffier
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doping concentrations betweémnegion of pin junction [2]
and co-doped region opn junction. The higher [3]
concentration of B acceptor dopants in the co-doped [4]
region leads to higher M, required forpn junctions to
adjust the energy band conditions. The effectshef t
effective doping concentration in the region betvte

n- andp-type pads require, however, further investigation
before being fully clarified.

(5]
(6]
4. Conclusions

We observed tunneling effects in lateral nanowires,
designed apin andpn junctions. We found that tunneling
events occur in both reverse and forward bias, unde
appropriate biasing conditions. The minimum substra
voltage required for tunneling depends on the dppin
concentration in the junction. Further measurements
will reveal the effects of different doping conaations
and doping profile on the tunneling characteristics
providing useful information for understanding the
behavior of nanoscalen junctions operated in tunneling
mode.

[7]
[8]
[9]
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