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The Schottky source/drain metal-oxide-semiconductor field-effect transistor (MOSFET) has potential for scaling to the
nanometer regime, because low electrode resistances with very shallow extension can be realized using metal source/drain. In
this study, very short channel n- and p-type Schottky source/drain MOSFETSs with silicon-on-insulator (SOI) structure were
analyzed theoretically, and n-type devices were demonstrated experimentally. It was shown theoretically that a drivability of
the Schottky source/drain MOSFET comparable to that of conventional MOSFETSs can be realized with a low Schottky barrier
height. The short-channel effect can be suppressed even with a 15-nm-long chaggrekaf nm andtso; = 3nm. The
room-temperature operation of sub-50-nm n-type E88hottky source/drain MOSFETSs on a separation by implanted oxygen
(SIMOX) substrate was demonstrated.
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1. Introduction (2) Gate Gate Oxide 3nm
As circuits have become more and more highly inte-

grated, a great deal of research interest has been focused Source Drain

on small-geometry transistors. To scale down metal-oxide- (metal) m (metal)

semiconductor field effect transistors (MOSFETS), the forma- \ /\ — Buried Oxide 50nm

tion of ultrashallow source/drain (S/D) junctions with low re- 1/ B-si substrate

sistance is one of the most important technologies. The Schot-

tky S/D MOSFET has potential for scaling to the nanometer Schottky Junctions SOl Channel 10nm

regime’™ because low electrode resistances with very shal-

low extension can be realized using metal source/drains. Op{b)

eration of the Schottky S/D MOSFET has been demonstrated

with a bulk Si substrat®.Recently, 27-nm-long channel PtSi

Schottky S/D MOSFETSs have been reported. Source
Although low S/D resistances can be realized by metal S/D

junctions in the Schottky S/D MOSFET, the drain current Drain

is suppressed by the Schottky barrier. If the S/D is formed

with a high Schottky barrier metal, the tunneling resistance efg. 1. Device structure of Schottky S/D MOSFET. (a) Cross-sectional

the Schottky barrier increases and the drain current becomesructure and (b) band diagram for n-type device.

small. If this problem can be solved by choosing the appro-

priate S/D metal, the Schottky S/D MOSFET will have the

same drivability as a conventional MOSFET with a highltion, the single-gate SOI structure was used. The gate oxide

doped S/D. In addition, there are several advantages of dpickness was 3 nm, and the SOI layer and buried oxide layer

plying Schottky S/ID MOSFETS to integrated circuits. Th€BOX) thicknesses were 10 and 50 nm, respectively, exceptin

contact resistance between the S/D and the external electrtite discussion of the short channel effect in 83.2 below. The

is lower. The temperature during the fabrication process &D junction depth was the same as the SOI layer thickness.

lower, because the process requires no doping. Thus, theoperation, electrons (n-type) or holes (p-type) tunneling

metal gate can be easily realiZ2d. through the Schottky barrier from the source to the channel
In this paper, a theoretical analysis of the n- and pwere controlled by the voltage applied to the gate across the

type Schottky S/D MOSFETS with silicon-on-insulator (SOlate oxide [Fig. 1(b) for n-type]. The drain current depends

structure is described. The relationship between the Schoti the tunneling resistance of the Schottky barrier and the

tky barrier height and current drivability is discussed. Thehannel resistance. For a high S/D Schottky barrier, the drain

characteristics of Schottky S/ID MOSFETSs in the 10 nm resurrent depends mainly on the tunneling resistance, and for

gion are discussed and a comparison between the Schotiékipw barrier, the characteristics become almost the same as

S/D MOSFET and the conventional SOI-MOSFET is drawrthose of a conventional MOSFET in which the drain current

Sub-50-nm metal gate n-type Schottky S/D MOSFETs were determined by the channel resistance.

fabricated by electron beam lithography and the self-aligned The device characteristics were analyzed as follows. First,

silicide process. the potential distribution in the device under the application of

drain-source and gate-source voltagéss(andVgs) was cal-

culated by solving Poisson’s equation using a finite-element

The device structure is shown in Fig. 1. In this calculamethod. The outer material surrounding the device was as-

2. Device Structure and Calculation Model
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sumed to be Si@ Then, the drain current was calculated
using the potential distribution calculated above. The carrier b8 = dro — ,e_F’ (6)
density in the channel affects the potential distribution and 4r
the drain current. This carrier density is determined by thehereggg is the Schottky barrier height without an applied
drain current. Therefore, the drain current was recalculatedltage and is the permittivity.
to be self-consistent with the carrier density and the potential The current from the source into the chandgi is given
distribution. by

Carrier transport at the Schottky barrier was modeled b
a combination gf the thermal emigsion curreht; and the g Jsg = Jrus + Jrws. 0
tunneling currentlry, as shown in Fig. 2 for n-type. For the where Jrys and Jrys are given by egs. (1) and (5). The cur-
p-type device, the same manners are applied to holes. Tieat from the drain into the channdbg is calculated in the

thermal emission current is givendy same manner. In the calculation of the current, the channel
e N is divided along the channel depth direction. The carrier dif-

Jy = RT? [exp<_—5> - —} , (1) fusion between current distribution along the channel depth

ke T Mo was neglected, because the total current at the drain is de-

wheree is the electron charg§; is the absolute temperaturetermined by the source Schottky junction and is unchanged
andR is the Richardson constant, which is given by even if carrier diffusion occurs in the channel. The current
5 in the channel was calculated using the drift-diffusion model
— 4”67”%, 2) with the drain currenflp = Jsg — Jpg as boundary values at

h? S/D interfaces. In this calculation, velocity saturation in the
wherem* is the effective masgg is Boltzmann’'s constanty  channel was neglected, because the built-in electric field in
is the Planck constant angh is the Schottky barrier height. the channel is small due to the Schottky junction.
In eq. (1),ng is the density of carriers with greater energy than The constants used for electrons and holes are as follows.
the Fermi energy in the metal. This is shown in Fig. 2 and iBor Si the effective masses wemgf = 0.19mg andm; =

R

given by 0.15m; for electrons and holes, respectivé\The light-hole
N — N ex Eg 3) effective mass was used. The mobilities of Si used were-
o= exp 2ks T )~ 450cn?/Vs andup = 125cnt/Vs for electrons and holes,

In eq. (1), N is the density of carriers which have a greaterespectively. These mobilities were for an effective channel
energy tharegg. This is shown in Fig. 2 and is given by electric field of Eg = 0.4 MV/cm,*% 1) which corresponds

to the electric field in the channel ¥gs = 1.5 V.
RT? A
N = —exp(—%> Axexp(—eqb( X)>, 4)

eD ke T ke T 3. Device Characteristics
whereD is the diffusion constant. Figure 3 shows the common-source characteristics cal-
The tunneling current through the Schottky barrdeg is culated at 300K for various values &fgs for a 50-nm-
given by’ gate length Schottky S/D MOSFET. The channel length was

35nm. The Schottky barrier height was assumed to be
2
Jin = eZ_F exp[_s_” [ 2m* (%3)3} , (5) 0.20eV for n-type and 0.25eV for p-type devices. Similarity
8 hes 3heF to conventional MOSFETS, the drain curves for the Schottky
whereF is the electric field at the Schottky barrier. S/D MOSFETS saturate.
Barrier lowering due to the image force is included in th%.1 Current drivability

calculation using the following equatich: The relationship between the channel length and the
drain currentlp as a function of the Schottky barrier height
¢so is shown in Fig. 4. The applied voltages wergs =
N Ves = —1.2 and 1.2V for p-type and n-type devices, respec-
::> N tively. The drain current increases with decreasing Schottky
barrier, due to the increased thermal emission and tunneling
currents, as shown in egs. (1) and (5). To compare Schot-
tky S/ID MOSFETs and conventional MOSFETSs, the drain
current of conventional MOSFE¥%! is drawn in the same
€y | Ax ep(Ax) figure. These results show that for < 30 nm, the same
Ny drivability as for conventional MOSFETSs can be realized us-
E: ing low Schottky barriers, i.e. about 0.25eV for p-type and
0.1-0.15eV for n-type devices, respectively. The difference
in these values between n-type and p-type devices depends on
the effective mass.
Taking these values of the barrier heights into considera-
Metal Si tion,(the appropriat()a1 4S{Elgfmetals aredPr(Egp( =0.24eV) and
. IrSi (¢pgp, = 0.18 V)™ for p-type devices. However, nei-
(SOUI’CG and Dl’all’l) (Channel) ther purF')e metal nor silicides meet the above requirement for n-
Fig. 2. Model for calculation of the n-type device. type devices. Although the lowest Schottky barrier silicide is
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ErSh (¢sn = 0.2 eV),!9 the drivability of ErSp Schottky S/D
MOSFETSs is ten times lower than that of conventional MOS-
FETs. One possibility is germanosilicide in which the Schot-
tky barrier heights can be lower than those of silicité®)

3.2 Short-channel effect

The relationship between threshold voltage shift, sub-
threshold swing and channel length for a n-type Schottky S/D
MOSFET with 0.20eV S/D barriers is shown in Fig. 5. For
comparison between a Schottky S/D MOSFET and a conven-
tional MOSFET, the values calculated by Fieggtaal. for
conventional MOSFETs with the same device structure are
also plotted in the figur&® The threshold voltage is defined
as the gate bias correspondind gd.c/ W = 0.5 4A.23 The
threshold voltage shift of Schottky S/D MOSFETS is smaller
than that of conventional MOSFETSs. However, the subthresh-
old swing of Schottky S/D MOSFETS is larger than that of
conventional MOSFETSs even with a long channel. In the con-
ventional MOSFET, the drain current is controlled by the gate
bias which modulates the channel potential under the gate
electrode. In the Schottky S/D MOSFET, the drain current is
modulated by the electric field at the source Schottky barrier.
The drain voltage strongly affects the potential at the center of
the channel. However, the potential near the source is weakly
affected by the drain voltage. Therefore, the threshold volt-
age shift of Schottky S/D MOSFETSs is small. Moreover, the
region controlled by the gate voltage in Schottky S/D MOS-
FETSs (source/channel interface) is distant from the gate com-

Fig. 3. The drain current curves with common source for a 50-nm-gae@red to that of conventional MOSFETSs (channel region un-
length Schottky S/D MOSFET with (a) 0.20eV S/D Schottky barrier for

n-type and (b) 0.25 eV for p-type devices.
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Fig. 5. Relationship between (a) threshold voltage shift, (b) subthreshold

Fig. 4. Drivability of Schottky MOSFETS as a function of Schottky barrier swing and channel length of Schottky S/D MOSFETs and conventional

height for (a) n-type and (b) p-type devices.

SOI-MOSFETSs.
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der the gate). Therefore, the subthreshold swing of Schottkylk and SOI devices, respectively. A 3.5-nm-thick gate ox-
S/D MOSFETSs is larger than that of conventional MOSFETsde layer was grown by thermal oxidation. Then, the metal
To reduce the subthreshold swing, the gate oxide must p&u/Cr) gate was formed by a lift-off process. A Si@m
thinned, as shown in Fig. 5(b). The relationship between tlveas deposited by argon sputtering, and then the side wall was
threshold voltage shift, subthreshold swing and the chanrfermed by anisotropic reactive ion etching (RIE) in LFEr
length as a function of SOI layer thickness is shown in Fig. Gvas deposited by e-beam evaporation and was then silicided
The short-channel effect can be suppressed by thinning the400C in N, ambient. The unreacted metals were selec-
SOl layer, even with a 15-nm-long channel wigx = 1 nm tively etched using nitric acid. The isolation layer was $iO
andtso; = 3 nm. Results for n- and p-type devices are almosind the external electrode was Au/Cr.
the same, because the short-channel effect depends primarilifhe interface between the silicide and the Si remains at
on the device structure. the interface between the evaporated metal and the Si for
L . ) . ) the Si-diffusion-type silicide. For the metal-diffusion-type
4. Fabrication of n-Type ErSi; Source/Drain Device with - gjjicide, the interface sinks into the Si layer. Since ErSi
Metal Gate is a Si-diffusion type, it is difficult to silicide the total SOI
4.1 Device structure and fabrication process layer thickness, which is effective for suppressing the short-
Very short channel n-type Schottky S/ID MOSFETs witlthannel effect. To sink the Schottky interface for the ErSi
metal gates were fabricated by electron beam lithograp®WOSFETS, the SOI layer was selectively etched using tetra-
with a PMMA resist and the self-aligned silicide (salicide)methyl-ammonium-hydroxide (TMAHY) before the deposi-
process. Due to the low Schottky barrier height, E¥8i tion of Er. Figure 7 shows a cross-sectional SEM view of
was chosen as the S/D metal. Bulk Si and separation by imn ErSp Schottky S/D MOSFET. The Schottky interface is
planted oxygen (SIMOX) substrates, which were p-type witlocated in the SOI layer. The (111) surface appears at the in-
resistivity of 30Q2cm, were used. The SOI and BOX layerterface, because TMAH etches Si anisotropically. The gap
thicknesses of the SIMOX substrate were 25 and 90 nm, rieetween the gate and the S/D for the EiFIOSFET is con-
spectively. This thickness of the SOI layer was obtained hkyolled by the side-wall width. In this work, the gap was
thinning via thermal oxidation and wet chemical etching. Al-
though thinning the SOI layer results in better characteristics,
it is limited by the present primitive fabrication process. A
thin SOI layer can be damaged and partly removed during the
salicide process. The junction depths were 25 and 10 nm for
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Fig. 6. Relationship between (a) threshold voltage shift, (b) subthreshold
swing and channel length of Schottky S/D MOSFETSs as a function of SOI
layer thickness. Fig. 7. Cross-sectional SEM view of EsSschottky S/D MOSFET.
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3:3nm e = Lo+ 7nm). 5. Conclusions
4.2 Measured characteristics and discussion Schottky source/drain (S/D) MOSFETSs were analyzed the-
Figure 8 shows common-source drain curves of a n-tymeetically. The current drivability depends on the Schottky
ErSk Schottky S/D MOSFET on bulk Si and SIMOX sub-barrier height. The drivability of the Schottky S/D MOSFET,
strates. The measurements were made at room temperatuh®se channel length is less than 30 nm, is the same as that
for various gate-source voltadkss. of a conventional MOSFET, when the Schottky barrier height
At Vps = Vgs = 2V, the drain current and the transcon-s 0.25 eV for p-type and 0.1-0.15¢eV for n-type devices, re-
ductance of the 35-nm-long gate bulk device wer@iAbum  spectively. The threshold voltage shift of Schottky S/D MOS-
and 20mS/mm, respectively, and the drain current wa&ETs is smaller than that of conventional MOSFETSs, while
75 uA/um and the transconductance was 9.5 mS/mm for thiee subthreshold swing of Schottky S/D MOSFETSs is larger
25-nm-long gate SOI device. The on/off ratios were 6 &2d than that of conventional MOSFETSs. To reduce subthreshold
for a 35 nm bulk device and a 25 nm SOI device, respectivelywing, the gate oxide must be thinned. The short-channel ef-
The drain currents for SOI devices have a leakage compfect can be suppressed even with a 15-nm-long channel with
nent which is independent of the gate voltage, as shown tigx = 1 nm andiso; = 3 nm.
Fig. 8(b). The leakage current flows from the bottom of the Room-temperature operation of very short channel n-type
source/channel junction to the bottom of the channel/draichottky source/drain (S/D) MOSFETs was demonstrated.
junction. The small on/off ratios are due to this leakage arfebr 25-nm-long gate n-type ErSBchottky S/ID MOSFETS,
the degradation of the S/D Schottky junction. It is hypothethe drain current was 7aA/um and the transconductance
sized that there were many interface traps at the,E38Mhot- was 9.5 mS/mm a¥ps = Vgs = 2 V. The characteristics can
tky junction and that the high density of these traps was duelbe further improved by adopting a cleaning process before the
interface roughness and metallic contamination. The rougfermation of the S/D and the thinning of the SOI layer.
ness was a result of the etching to sink the interface and the
RIE in CF, for the formation of side walls. The rough SoIAcknowledgements
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< Appendix A:  Derivation of Equation (3)
= 1.5V
—a ; By considering the thermal equilibrium condition at the in-
g terface between the metal and semiconductor in Fig. 2, the
E 1.0V carrier densityn at the semiconductor side is relatednipin
8 0.5V the metal side as
-% 10 ' n=ng exp(— %) . (A-1)
0 05 1.0 15 2.0 N within the semiconductor side is also written as
Drain-Source Voltage \; [V] n=n exp <_ Efk_TEi) , (A-2)
— 30 8
(b) g L =25nm whereE;s is the Fermi level at the interfacg; is the energy
Z ¢ Ves=3V evel at the center of the bandgap, amis the intrinsic carrier
=200 density.
vy 1\ Combining egs. (Al) and (A2) and using the relatioB; —
© 5 Ei + egs = Eq4/2, eq. (3) is derived.
3 100 v  Appendix B: Derivation of Equation (4)
'% Current density in a semiconductor is giverPby
a tso=25nm) kT an
0 J= F4 8 91
0 1 2 3 4 5 e (” T e ax
Drain-Source Voltage E
ge % [V] _ ”aa_xf’ (B-1)

Fig. 8. Common source drain curves for various gate-source voliages ) N ) . )
of an ErSp Schottky S/D MOSFET. (a) A 35-nm-long gate device on bulkvhereu is the electron mobilityn is the carrier density, and

substrate and (b) 25-nm-long gate device on SIMOX substrate. E; is the quasi-Fermi level. Near the interface between the
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metal and semiconductor in Fig. 2 £ Ax ~ 0), eq. (B1) is
approximated by

Efm — Ef
J >~ un————, B-2
un—+— (B-2)
whereE;y, is the Fermi level of the metal.
J is also given by eq. (1) withN = ngexp{(E; —
Em)/ksT} as
Efm — Et epp
JxRTZT_— - =), B3
ke T eXp( kBT> B3)

Combining egs. () and (B3), eq. (4) is derived.
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