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Novel properties of erbium-silicided n-type Schottky

barrier metal-oxide-semiconductor field-effect-

transistors
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Abstract—silicided 50-nm-gate-length n-type Schottky
barrier = metal-oxide-semiconductor  field-effect-
transistors (SB-MOSFETs) with 5 nm gate oxide
thickness are manufactured. The saturation current
is 120pA/im and on/off-current ratio is higher than
10° with low leakage current less than 10 nA/m.
Novel phenomena of this device are discussed. The
increase of tunneling current with the increase of
drain voltage is explained using drain induced
Schottky barrier thickness thinning effect. The
abnormal increase of drain current with the decrease
of gate voltage is explained by hole carrier injection
from drain into channel. The mechanism of threshold
voltage increase in SB-MOSFET: is discussed. Based
on the extracted model parameters, the performance
of 10-nm-gate-length SB-MOSFETs is predicted. The
results show that the subthreshold swing value can be
lower than 60 mV/decade.
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1. INTRODUCTION

In Schottky barrier metal-oxide-semiconductor field-
(SB-MOSFETs),
regions are composed of silicide instead of impurity doped

effect-transistors source and drain
silicon. The structure of SB-MOSFETS is quite simple and
ultra shallow junction can be formed easily and accurately
with very low parasitic source and drain resistance, since
the silicided junction depth is controlled by the deposited
metal thickness and annealing temperature. The silicided
junction formation temperature is very low in SB-
MOSFETs, giving the opporfunity to use metal as gate
electrode and high dielectric materials as gate insulator.
Moreover, the complicated channel doping steps can be
eliminated because Schottky barrier exists between
junction and channel. Thus, SB-MOSFETs have been
proposed as an alternative to the conventional MOSFETs
for decananometer-scale application [1-5].

But most of the experimental works are done in p-type
SB-MOSFETs, especially by using platinum silicide [1,
3-5]. Also, there are many theoretical efforts to describe
the current transport mechanism in SB-MOSFETS,
which have different physical mechanisms with
conventional MOSFETs, i.e., tunneling through the
Schottky barrier exists in silicon/silicide interface [6-10].
But most of the previous theoretical results are not
incorporated with experimental results.

In this paper, the theoretical and experimental current-
voltage characteristics of erbium silicided n-type SB-
MOSFETs are presented to describe the important
current transport mechanisms in SB-MOSFETs.
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11. EXPERIMENTAL

In conventional MOSFETSs, Titanium, Cobalt and
Nickel are widely being used for the silicidation process
to minimize the parasitic resistance of impurity doped
source and drain [2]. But in this paper, erbium is chosen
as source and drain metal of n-type SB-MOSFETs,
because of its low Schottky barrier height (0.28 eV) for
electrons [3]. The detailed device fabrication procedures
are summarized in Fig. 1. As starting material, <100> p-
type silicon-on-insulator (SOI) wafer is used. SOI wafer
is boron doped with a resistivity of 13.5-22.5 Q-cm and
the corresponding doping concentration is about
1.0x10" cm”. The thickness of the SOI and buried oxide
(BOX) layer is 100 nm and 200 nm, respectively. The
gate oxide is 5 nm thick SiO,, grown by thermal
oxidation and the gate electrode is highly phosphorus
doped n-type polycrystalline silicon. Electron-beam
lithography is employed to define gate pattern. After gate
etching, 30 nm thick gate sidewall spacer is formed by
using thermal oxidation method. After blanket dry
etching of gate sidewall spacer, 100 nm thick erbium is
sputtered. Erbium silicide is formed by using rapid
(RTA)
temperature and time is 500 C and 5 min, respectively.

thermal annealing technique.  Annealing
The non-reacted erbivm is removed by using the mixture
of H,SO, and H,0, (Sulfuric Peroxide mixture: SPM)
for 10 min. The volume mixture ratio is 1:1. The
formation of ErSi;; phase is confirmed by x-ray
diffraction (XRD) and Auger electron spectroscopy
(AES) analysis. The sheet resistance is less than 30 Q/o
even if the line width is less than 100 nm. Thus, erbium
is applicable in sub-100 nm regime SB-MOSFETs

manufacturing.

Cleaning of <100> p-type SOI wafer

Active lithography (e-beam) and dry etching

Gate oxidation and n" polysilicon deposition.

Gate lithography (e-beam) and dry etching

Sidewall spacer oxidation and blanket etching

Erbium deposition

Annealing (500C, 5min) and removal of non-reacted erbium

Fig. 1. Experimental procedures for erbium-silicided n-type
SB-MOSFETs.

II1. RESULTS AND DISCUSSION

Fig. 2 shows drain current (Ipg) to gate voltage (Vgs)
characteristics of the 50-nm-gate-length erbium-silicided
n-type SB-MOSFET. The open circle and solid line
represents measured and simulation result, respectively.
The gate voltage varied from 0 to 3 V and the drain
voltage (Vps) varied as 0.1 and 1.0 V. The off-leakage
current is less than 107 tA/um, and on/off-current ratio is
larger than 10° for the 0.1 V drain voltage. The off-
leakage current increases up to 107 uA/gm when the
drain voltage is set to 1.0 V. The saturation current is 120
uA/im when the gate and drain voltage is 3 and 1 V,
respectively. Experimental results are well described by
newly developed theoretical model [6], giving the model
parameters of SB-MOSFET, which are compatible with
MOSFETs except one additional parameter, i.e., Schottky
barrier height (®,) [15]. In Fig. 2, Ity and Ity means
thermionic and tunneling current dominant region,
respectively, which are determined from the simulation
results. From the curve fitting results, it is clear that the
off- and on- current is mainly attributed to the thermionic
and tunneling current component, respectively.
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Fig. 2. Drain current to gate voltage characteristics of 50-nm-
gate-length erbium-silicided n-type SB-MOSFET. The circle
and solid line represents experimental and simulation resuits,
respectively. In graph, Iy and Ity means thermionic and
tunneling current dominant region, respectively.
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The lowering of threshold voltage with the increase of
drain voltage is attributed to the drain-induced barrier
thinning (DIBT) effect [14], which is different from the
drain-induced barrier lowering (DIBL) effect in
conventional MOSFETs [11]. However, the major
mechanism of the increase of drain current in SB-
MOSFETs is not the lowering of Schottky barrier height
but the thinning of Schottky barrier thickness. If barrier
lowering is the major mechanism in the increase of drain
current, the major turn-on current should be determined
by thermionic component. But as shown in Fig. 2, the
major turn-on current component is determined by
tunneling current.
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Fig. 3. Drain current to gate voltage characteristics of 50-nm-
gate-length erbium silicided n-type SB-MOSFET with the
increase of drain voltage (a) and the modeling of DIBT effect
(b). The extracted threshold voltage (V1) and DIBT factor (oy)
is 1.47 V and 0.59, respectively.

To analysis the DIBT effect quantitatively, more
detailed drain current to gate voltage characteristics are
measured. In Fig. 3(a), drain voltage varied as 0.01, 0.1,
0.5 and 1.0 V. As expected, the drain current increases at
lower gate voltage as the drain voltage increases. Fig.
3(b) shows the extracted threshold voltage versus drain
voltage characteristics. The threshold voltages are
determined by using linear extrapolation method [12]. As
shown in Fig. 3(b), threshold voltage varies linearly to
the drain voltage. For the quantitative evaluation of
DIBT effect, threshold voltage (Vr5) is modeled as
follows;

V1= V- 01Vps ¢))
where Vg is the threshold voitage determined at very

low drain voltage, Gt is the DIBT factor and Vpg is the
drain voltage. From the linear curve fitting, the extracted

V1o and or value is 1.47 V and 0.59, respectively. The
extracted Vy, value is comparable with the value in
model parameters.

One more novel characteristic of SB-MOSFETSs is that
the threshold voltage (Vo) is very large compared with
that of conventional MOSFETs. To discuss this issue,
conventional MOSFETs are manufactured using the
same SOI substrate, gate oxide and the gate electrode
with SB-MOSFETs. The gate length of conventional
MOSFET is 10um. The extracted threshold voltage (Vrc)
by linear extrapolation method is 0.2 V. So the channel
region is inverted when the gate voltage is higher than
0.2 V. On the other hand, the threshold voltage of SB-
MOSFET (V) is 1.47 V as discussed in Fig. 3. The
increase of threshold voltage in SB-MOSFETs can be
explained with the existence of Schottky barrier.
Although the channel is inverted, there is no tunneling
current from source to channel region until the tunneling
barrier becomes sufficiently thin. As the gate voltage
increases over the threshold voltage of channel (V1c),
the number of electron carriers increases. The increase of
the number of electron at channel decreases the Schottky
barrier width, which gives the easy injection of tunneling
electron from source to channel. From this reason, the
existence of Schottky barrier gives the increase of
threshold voltage (V1g).

In Fig. 2, the abnormal increase of drain current with
the decrease of gate voltage at drain voltage of 1 V can
be explained by considering the hole carrier injection
from drain into channel. In conventional n-type
MOSFETs, the hole carrier injection from the source or
drain is difficult because the junction can supply only
one type of carrier, i.e., electron. But in SB-MOSFETSs
this is possible because the source and drain are
composed with silicide. The metallic source and drain
can supply both electron and hole. Recently, this
phenomenon is also reported in carbon nanotube field
effect transistor [13]. Fig. 4 shows the schematic
diagram of n-type SB-MOSFETs with various bias
conditions. Fig. 4(a) shows band diagram when no
voltage is applied to the drain and the gate. The Schottky
barrier is formed for hole at the source and drain. As
shown in Fig. 4(b), as the negative gate voltage applied,
channel region is filled with hole and the Schottky
barrier becomes thinner for hole. As the drain voltage
increases, the tunneled hole flows from drain to source,
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which provides the drain current as shown in Fig. 4(c).
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Fig. 4. Band diagrams for various biases. The barrier height of

the silicide to p-substrate is q@y,. When the negative gate
voltage is applied, hole carriers are accumulated in the channel
region.

To confirm this, numerical calculation is done. The
detailed calculation method is similar with the method in
[6] except the consideration of hole carrier accumulation
in channel region. Fig. 5 shows the calculation results
when the drain voltage is 1 V. The circle and solid line
represents  experimental and theoretical result,
respectively. The results clearly show that the increase of
drain current with the decrease of gate voltage is caused
from the hole injection from drain into channel when the
negative gate voltage is applied. Thus, bipolar carrier can
be injected into channel in SB-MOSFETs. Apparently,
this phenomenon is similar with gate-induced-drain-
leakage (GIDL) effect in conventional MOSFETs [11],
which also gives the increase of the drain current with
the decrease of gate voltage. But the detailed drain
current flow mechanism is quite different.

In Fig. 6, drain current to gate voltage characteristics

of 10-nm-gate-length n-type SB-MOSFET is simulated
based on the extracted model parameters of erbium-
silicided 50-nm-gate-length n-type SB-MOSFET. From
the results, it seems that the attainable saturation current
value is about 600xA/um in planar structure. One more
important characteristic is that the subthreshold swing
(SS) value can be less than 60mV/decade. This amazing
characteristic is possible because there is no
subthreshold drain current due to the existence of

Schottky barrier.
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Fig. 5. Drain current to gate voltage characteristics for the
negative gate voltage and the theoretical calculation results.
The circle and solid line represents experimental and
simulation results, respectively. When gate voltage is positive
(negative), tunneled electron (hole) from source (drain) is the
major component for the drain current.
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Fig. 6. Drain current to gate voltage simulation resuits of 10-
nm-gate-length n-type SB-MOSFETs. Gate oxide thickness
(Tox) and power supply voltage (Vyq) is 1 nm and 0.5 V. q®y,,
Mo, © and A values are from the model parameters of 50-nm-
gate-length SB-MOSFET. Flatband voltage (Vgg) is -0.9 V and
threshold voltage (V) is 0.125V, respectively.
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IV. CoNCLUSION

In summary, erbium-silicided 50-nm-gate-length n-
type  SB-MOSFET
characteristics. This device shows novel characteristics

shows excellent transistor
such as DIBT, ambipolar carrier injection, increase of
threshold voltage and very low subthreshold swing
characteristics. These results show the possible
applicability of SB-MOSFETs for the decananometer-

scale device applications.
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