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Abstract 

We present, for the first time, a physical contact tunneling 
model that is critical for studying the increasingly impor- 
tant contact behavior in future scaled CMOS. The tunnel- 
ing processes are self-consistently treated with all current 
transport in the semiconductor. With this new model, 
we compared the performance of raised S/D and Schot- 
tky S/D MOSFETs. Both raised S/D and Schottky S/D 
MOSFETs can be designed to give good short-channel 
characteristics. Our analyses show that despite the lower 
sheet resistance of the Schottky S/D MOSFETs, contact, 
resistance could be large due to finite Schottky barrier 
height. A lower barrier height contact material should be 
used to minimize the contact resistance. 

Introduction 

Raised source drain MOSFETs [l] and Schottky source 
drain MOSFETs [2] (see Fig.1) are two candidates for 
high performance CMOS that can be scaled down to 25 
nm with low series resistance. 

The contact between silicide and silicon is an important 
component of these small MOSFETs, because the contact 
resistance comstitutes a significant fraction of the total 
resistance in the path of the drain current [3]. It has 
been demonstrated that the contact resistance can be very 
sensitive to the silicide thickness due to the difference in 
interface doping [3] (also see Fig. 2).  
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Figure 2: Effemct of silicide thickness on interface doping. The contact 

resistance can be severely impacted by low interface doping. 

Raised S/D MOSFET A realistic, physical tunneling contact model in a CAD 
based device simulator is crucial for accurately assessing 
the effects of technology parameters on the performance 
of these small MOSFETs. Since tunneling occurs only 
within about, 20 nm of the silicide/silicon interface, the 
contact is often modeled by an equivalent (lumped or dis- 
tributed) resistor, by the velocity-limited boundary condi- 
tions[4], or by using the current boundary conditions with 
current calculated by summing all tunneling current over 
the entire energy spectrum [5 ] .  However, for MOSFETs 
less than 50 nm, this assumption is clearly unacceptable 
because the tunneling distance is comparable to the chan- 
ne1 length. The electrons and holes in the channle region 
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Figure 1: Raised S/D and Schotky S/D MOSFET. 
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can be directly exchanged with the Silicide through tun- 
neling. In this paper, we report, a novel tunneling contact 
model where all tunneling processes are self-consistently 
treated with all current transport in the semiconductor. 
We apply the rriodel to compare raised S/D and Schottky 
S/D MOSFETs. 

Model 

The key feature of the model is that tunneling current ContactNode 
r . ,  

o Internal node 
through the barrier is converted into a local generation 
or recombination process where the local rate, G T ~ ~ ( T ) ,  
depends on the local Fermi-level, dn  and the potential 
profile along the tunneling path. This is possible because 
the tunneling integral over distance and energy can be 
transformed into a double integral over distance alone (see 
Fig.3). 
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Figure 3: Nodal eqwvalent generation rate due to  tunneling at the 

contact 

For each contact node, a tunneling path is extracted 
from the 2D/3D spatial domain using a carefully con- 
structed mesh (see Fig. 4). The local generation rate 
associated with the tunneling can be related to the local 
tunneling current, bun, as 

Figure 4: Two-dimensional mesh and tunneling paths. Electrons and 

holes i n  the vincinity of the contacts can be tunnelled in and out.  

can be expressed as, 

and the total tunneling current from Silicide to Silicon 
can be expressed as, 

J T ~ ~ , M - s  = A*T' (3) 

where A* is the Richardson constant, T is the tempera- 
ture, E F ~  = -q& is the Fermi-level for the metal (sili- 
cide), E F ~  = -q& is the electron Quasi Fermi-level in 
the Silicon, and r ( r )  is the tunneling probability. The 
total tunneling current includes tunneling from both di- 
rections, 

JTun = JTun,S-M - JTun ,M-S .  (4) 

The local tunneling generation rate can therefore be for- 
mulated as, 

(5) 

v+ The WKB approximation for the tunneling probability 1 d J T u n  _-. - - 
4 d+ can be written as, 

2, (1) 
d J T u n  - -. - 

d& r ( r )  = e w  [-: l' d 2 m ( h / q  + &, - $(x))d2.] . (6) 
where $ , E  = -4 $, and 3 = -O$ are the electrostatic 
potential, the energy level, and the electric field, respec- 
tively. The total tunneling current from Silicon to Silicide 

The above integral is evaluated through numerical inte- 
gration. The thermionic emission current is also included 
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at each contact node (filled-circle in Fig. 4), in addition 
to the tunneling current. 

To ensured zero-current at  thermal equilibrium, the 
Fermi-levels and built-in voltages of the contacts are eval- 
uated at the beginning of the simulation. This advanced 
model is fully integrated into our new version of 2D/3D 
moment-based device simulator, Fielday-I11 [6]. To test 
the capability of the model, the dependence of silicided 
contact I-V characteristics on the silicide/silicon interface 
doping and on the temperature and barrier height are 
shown in Figs. 5-6. 
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Figure 5: I-V characteristics of a 0.4pm n+ - n - n+ diode with 

silicide/silicon contact and different n+ doping. 
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Figure 6: I-V characteristics of a silicide/silicon contact for I-V char- 

acteristics of a 0 . 4 p m  n+ - n - n+ diode with silicide/silicon contact 

and different different temperatures and barrier heights. 

The model can cover the entire range of contact behav- 
ior. The contact exhibits Schottky characteristic when the 
doping is low and exhibits Ohmic characteristics when the 

doping is high. The current increases at  elevated temper- 
ature due to the increases of thermionic and therinionic- 
field emission. It is interesting to note from Fig.6 that 
the contact characteristic switches from Ohmic-like to 
Schottky-like when the temperature is reduced. 

Simulation Results 
The model can reproduce experimental data of a 2pm 
Schottky S/D PMOS from Snyder and Helms [7] as shown 
in Fig.7. The thermal emission, field emission, and the 

d 
3 IO 

Id0 

- 12 
10 

Figure 7: I-V characteristics of a Schottky S/D P F E T  a t  different 

temperatures. (Vd = 2.0 volts, L = W = 2 p m ,  to,  = 143A , undoped 

substrate; q$bn = 0.9V (or q$bp = 0.2V)). Lines are simulations using 

the new tunne!ling contact model, symbols are experimental da ta  from 

[7]. The changes from field emission (tunneling) to thermal emission 
and to channel resistance regime can be modeled. 

channel resistance regime can clearly be seen in Fig.7. 
This device has too large a leakage current a t  room tem- 
perature for practical use. The leakage problem can, how- 
ever, be alleviated by increasing the substrate doping. 
We next study the feasibility of scaling the Schottky S/D 
MOSFET for room temperature operation and compare 
its performance with the raised S/D MOSFET. The Vt- 
rolloff behavior is indeed comparable for Schottky S/D 
and raised !3/D FET as can be seen in Fig.8. 

However, the series resistance of a Schottky S/D MOS- 
FET can be very large for small supply voltage. Consid- 
ering a technology with a supply voltage of 1.5V or below, 
we found thiat the drive-current can be severely degraded 
by the conitact resistance associated with the Schottky 
barrier (see Fig.9). 

In Fig.10, we compare the conduction band along the 
channel of lpm Schottky S/D and raised S/D NMOS. 
Even with relatively long channel, a significant voltage 
drop at  the source side of the Schottky S/D FET clearly 
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Figure 8: Linear Vt roll-off curves for Raised S/D and Schottky S/D 

NFET (to. = 16A, Nsub = 5 X l O " ~ m - ~ ,  X ,  = 200A, Vds = 50mV in 

both devices). 
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Figure 9: I-V characteristic of a Schottky S/D NFET for different 

Schottky barrier heights. The kink at  low gate overdrive indicates large 

gate-voltage-dependent contact resistance, especially for high barrier 

contact materials. 

indicates insufficient field-emission current to support the 
traditional drift current from the channel. The voltage 
drop is expected to be more severe for shorter channel 
length. 

Discussion 

In summary, we have presented, for the first time, a phys- 
ical contact tunneling model that is critical for study- 
ing the increasingly important contact behavior in future 
scaled CMOS. With this new model, we compared the 
performance of raised S/D and Schottky S/D MOSFETs. 
Both raised S/D and Schottky S/D MOSFETs can be de- 

Figure 10: Comparison of conduction band, Ec, along the channel 

of Schottky and Raised S/D MOSFET. (Vgs = Vd, = 1.5V, and q5b = 
0.3V.)  

signeld to give good short-channel characteristics. Because 
of the total elimination of S/D diffusion, the Schottky 
S/D FETs have the advantage of lower sheet resistance 
and potentially higher density. However, the contact re- 
sistance associated with the finite Schottky barrier can be 
large. A lower barrier height contact material should be 
used to minimize the contact resistance. It is worth men- 
tioning that the equivalent channel-resistance was under- 
estimated because the channel carrier transport was mod- 
eled by the drift-diffusion equation. The complete cur- 
rent path for drain current consists of the channel- and 
the contact-component. Therefore, the component asso- 
ciated with the tunneling contact should be even more 
important when velocity over-shoot is included. 

Acknowledgment 

The authors wish to thank Drs. M. Fischetti, D. Frank, 
and 11. Logan for useful discussions, and J. Warlaumont 
for mianagement support. 

References 

[l] T. Uchino et al, IEDM, p.479, 1997. 
[2] J.13. Tucker et al., Appl. Phys. Lett., p.618, 65(5), 1994. 
[3] K. Banerjee et al., IEDM, p.115, 1997. 
[4] D. Schroeder, Modeling of Interface Carrier Transport for 
Device Simulation, Springer-Verlag, Edited by S. Selberherr, 
1994. 
[5] C.K Huang et al., IEEE TED, p.842, vo1.45, no.4, 1998. 
[6] MK. Ieong et all SISPAD, 1998. 
[7] J.'P. Snyder and C.R. Helms, Appl. Phys. Lett., p.1420, 
67(10), 1995. 

27.6.4 
736-IEDM 98 


