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Simulation of Schottky Barrier MOSFET’s with a
Coupled Quantum Injection/Monte Carlo Technique
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Abstract—A full-band Monte Carlo device simulator has been with a self-aligned process. Because of the sharp silicon/silicide
used to analyze the performance of sub-0.km Schottky barrier interface, extremely short channels can be achieved. Several ex-
MOSFET's. In these devices, the source and drain contacts are nerimental structures have been fabricated using a conventional

realized with metal silicide, and the injection of carriers is con- . . - .
trolled by gate voltage modulation of tunneling through the source MOSFET configuration [1], [2] as well as silicon-on-insulator

barrier. A simple model treating the silicide regions as metals, (SOI) technology [3].
coupled with an Airy function approach for tunneling through Despite the topological similarities, the SB MOSFET and the
the barrier, provides injecting boundary conditions for the Monte  conventional MOSFET have very different physical behavior.
Carlo procedure. Simulations were carried out considering a caprier flow from the source contact to the conduction channel
p-channel device with 270 A gate length for which measurements takes place mainly by tunneling through the Schottky barrier
are available. Our results show that in these structures there is not p_ ’ < _y _y g9 : 9 . y.
a strong interaction with the oxide interface as in conventional at the silicon/silicide interface. The width of the barrier is spa-
MOS devices and carriers are injected at fairly wide angles from tially modulated by the gate voltage, and conduction occurs
the source into the bulk of the device. The Monte Carlo simulations \when the barrier is sufficiently thin. Figs. 2 and 3 show a typ-
not only give good agreement with current-voltage V) curves, jeq| potential profile along the channel at a location close to the
but also easily reproduce the subthreshold behavior since all the ide interf for t | f th te bi When th t
computational power is devoted to simulation of channel particles. oxide |n.er ace, O,r WO values 9 € gaie bias. en the gate
The simulations also clarify why these structures exhibit a large Voltage is small (Fig. 2) the barrier between source and channel
amount of leakage in subthreshold regime, due to both thermionic is sufficiently wide so that relatively little tunneling takes place.
and tunneling emission. Computational experiments suggest ways A certain amount of leakage current due to thermionic emis-
to modify the doping profile to reduce to some extent the leakage. gjgn from the metal may be present, originating from the tail
Index Terms—Monte Carlo methods, MOSFET’s, nanotech- of the quasiequilibrium distribution in the silicide. For higher
nology, Schottky barriers, simulation. gate voltage (Fig. 3) the Schottky barrier just below the oxide
interface may become sufficiently narrow to allow tunneling. A
Schottky barrier is also present at the drain-channel interface,
} N i ~where it could actually impede the flow of carriers at very low
A GGRESSIVE scaling of silicon integrated devices in thgrain voltage.
deep-submicron range presents considerable challengeghe silicide material should be chosen so that a reasonable
to device dem_gners. Device performance must t_)e preserve¢@hpromise can be reached between junction isolation prop-
much as possible, when going from one generation to the nexfies in equilibrium and injection capability when a gate bias
As the milestone of 0.]um gate length is approached forgchottky barrier in the range 0.2-0.25 eV is optimal. Of the
commercial metal oxide semiconductor field effect transistoggown silicides, PtSi can be used for p-channel [2] while ErSi
(MOSFET's), alternative device structures are being considerigdsyitable for n-channel devices [3].
that might allow the continuation of scaling trends when the pjthough the main injection mechanism is quantum tun-
physical limits of conventional MOSFET's are eventuallye|ing through the source barrier, the transport in the channel
reached. _ o should retain semi-classical features at room temperature even
~ Among the structures under consideration is the Schottky bggr very short channels, since the scattering phenomena in
rier (SB) MOSFET, schematically shown in Fig. 1. In this desjlicon are sufficiently strong to break quantum coherence.
vice, the implanted/diffused highly doped regions for source angherefore, we adopted a simulation scheme that couples
drain contacts are replaced by silicide regions, which essentiadiyantum mechanical injection, through the contact barriers,
behave like metals. The structure is quite simple to manufactyjgh a full band Monte Carlo simulation approach for the
particle transport. This model has been applied to simulate
ultra-small Schottky-barrier MOSFET’s and results have been
Manuscript received July 20, 1999; revised January 18, 2000. This work ‘A@émpared with available measurements for p-channel devices
supported in part by the Semiconductor Research Corporation under Contract§n 270 A ch [ h. The si lati h h
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Metal Silicide

Il. SIMULATION APPROACH

The simulated structure is idealized in a number of ways in
order to arrive at a computationally manageable model. The sili-
cide contacts are not easy to characterize in terms of precise
geometry and material bandstructure, and even the nature of
the Schottky barrier may be influenced greatly by device pro-
cessing. Since the Monte Carlo technique for transport in the
bulk of the device can be considered to be quite reliable, for our
purposes the most important concern is to capture the essential
behavior of the contacts, modeled as reservoirs separated from
the silicon layer by a barrier. The silicide contacts are treated
Fig. 1. Schematic structure of a Schottky barrier MOSFET. Only light dopings simple metal regions that provide suitable boundary condi-
exists in the channel, and the source and drain are metal silicide. . . . L .

tions for quantum mechanical tunneling and thermionic emis-
sion injection at the silicon interfaces. The distribution function
, : , : , , , : for available carriers in the silicide is evaluated under quasiequi-
Source 1 librium assumptions at the operating temperature.

—_— The detailed bandstructure of the silicide is not well known,
or — 1 therefore, we adopt an ideal metal model, based on a simple
parabolic band. In this equivalent metal model, the only param-
02| | eters needed are the position of the Fermi level with respect to
the conduction band and the average effective mass. The effec-
tive massm* is treated as the main tunable parameter in the
overall procedure, and it is calibrated against available experi-
mental data for current injection. For our calculations we used
-0.6F 1 an effective mass value of 0.85%, but one should keep in mind
that this value must be interpreted as an empirical average and
_o0sl | itdoes not have a rigorous physical meaning.

Drain The injection between contacts and device channel is han-
dled by using transmission probabilities, which are solutions of
the Schrddinger equation along paths perpendicular to the sili-
cide/silicon interface. The potential along these paths is taken
from the solution of the Poisson equation at each self-consistent
Fig. 2. Potential energy profile along the interface of a Schottky barriét€P Of the Monte Carlo procedure, to recalculate the transmis-
MOSFET under subthreshold conditions. The thickness of the barrision probabilities as the simulation progresses in time.
significantly reduces the tunneling current. The transmission probability is calculated with a standard
Airy function approach [4] based on the one-dimensional (1-D)
Schrddinger equation on the propagation path
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% ~0.4- Channel 1 wherekE,,. is the kinetic energy in the direction of propaga-
§ tion andk is the transverse momentum. A transfer-matrix ap-

proach is applied, where the potential is interpolated linearly

-0 between the grid points on which the Poisson equation is solved
in the Monte Carlo region. The solution of (1) in each linear
-08r 7 region is a well-known analytical form consisting of Airy func-
Drain tions. The unique solution is then simply calculated through a
~1f 41 sequence of Z 2 matrix multiplications which are equivalent
009 0095 01 0105 011 0115 042 0425 043 o135 toapplying the boundary conditions of continuity of wave func-
x (um) tion and its derivative at each grid point. We decided to use the

Airy function approach, instead of the simpler and computation-

Fig. 3. Potential energy profile along the interface of a Schottky barri%{"y cheaper WKB approach, because the WKB model neglects
MOSFET under high-field conditions. The barrier becomes transparent to

current flow as the barrier becomes thin enough for quantum mechaniE’éﬂant_um m.eChan'Cal reflection f‘?r the thermionic emission and
tunneling. is typically inaccurate for tunneling near the top of the poten-
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tial barrier. Direct solution of the Schrédinger equation, as in 0 '

plemented here with the Airy function formalism, has also th g1}
advantage of treating seamlessly thermionic emission and tt Source
neling injection over the energy range. 0.02r
For simplicity, we implemented contact regions with arecl g3
angular cross section, taking care of smoothing out the interr
corners, to avoid any unphysical peak in the electric field thi__. : T .
would correspond to a spurious surge in the carrier injectiog 0.05} ) Ce e RN L
The overall geometry of the contacts is chosen as a best comp ™ ' o e
mise to represent the top active layer of the experimental stru L . L,
ture presented in [1]. 0.07} s T ]
To compute the current injected by the silicide contacts, S ) ’

Drain

0.04+

0.06[

transmission coefficiert (., k) is defined as the ratio of ~ *%f = T
the transmitted and incident probability current densities 0.00k. . . oL 4
Jtransrnitted |”(/)2|2k'2 m{ 0.1 . _ - L : L L L —L
T(Eine, k) = = . . (3 0.09 0.1 0.11 0.12 0.13 0.14
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Here, the SUbSC”thS land2 correspond to S'“_Clde and S'!'F%. 4. Typical particle snapshot in time for the Monte Carlo simulation of a
respectively, andk/| represents the wave function probability270-A p-channel Schottky barrier MOSFET in saturation bias. Approximately
density for the carriers. At each iteration, a table of transmissi@pf% of the current is injected within 50 A of the Si-Sidnterface.

probabilities is generated for each mesh location along the con-

tact interface. Once the quasiequilibrium distribution in the siljg applied to transport in the channel. This greatly improves the
cide is determined in terms of incident energy, the injected CWerformance and resolution of the method, and allows one to
rent density is obtained by integrating the product between cglyily probe the subthreshold regime, conditions which would
rier distribution and transmission probability. In practical app"ﬁormally require a prohibitive number of particles for conven-

cations, the influence of the transverse momentum in the trafsihal MOSFET's. in order to have a significant number of par-
mission probability tends to be actually small. To deal with inysjes in the channel.

jection into the contacts for particles treated by Monte Carlo
procedure in the silicon region that reach the interface barrier,
we separately evaluate the transmission probability for each par-
ticle and a random number technique is used to decide whetheWe have simulated a p-channel silicide MOSFET with 270
the particle is absorbed or not. A channel length and 19 A oxide thickness, with-polysil-

We have implemented a Monte Carlo simulator for both nieon gate, similar to the experimental device presented in [1].
and p-channel devices, but we mainly consider here a p-charifieé substrate is lightly doped with a concentratiép = 101°
device with PtSi contacts because of the availability of measum=2. The depth of the silicide junction is 400 A. Fig. 4 shows
ments. We assume a Schottky barrier height of 0.2 eV for thesnapshot of the Monte Carlo simulation, with the distribution
PtSi/Si interface. Barrier lowering due to the image force is imf holes in the device, for drain bidg = —1.0 V and gate bias
cluded in the potential used for the quantum mechanical cd; = —2.1 V. This picture offers clear indications of how the
culations. Holes are injected in the channel by considering tbhperation of SB MOSFET's differs from conventional MOS de-
detail of the Sivalence band. Injection is proportional to the dewices. Most of the injection into the channel takes place through
sity of states of the different valence band branches. Howevamarrow region of the source-channel junction, where the gate
transfer involves mainly the heavy and light hole bands sinbéas has the effect of narrowing the Schottky barrier. The stream
the spin-orbit split band has a bigger barrier. of carriers enters the channel like a spray with a fairly broad

The Monte Carlo model used for the calculations is similangle. While the integrated charge density at differegbor-
to the one described in [5]. The numerical band structure wdmates along the channel remains relatively constant, the distri-
included for the valence band, by using a local pseudo-potentiaition spreads out into the bulk as the carriers move from source
band solution [6]. The Poisson equation is solved every tinb@ drain. The carriers are not closely bound to the surface asina
step (on the order of 1 fs) to achieve self-consistency. A lighbnventional MOSFET because of low doping in the channel. In
n-type doping is assumed for the substrate and the Poisson euiglition, high fields are located near the source instead of near
tion is solved in nonlinear form, using a standard conjugate gt&te drain. Carriers injected from the source quickly obtain a high
dient approach, in order to obtain the correct depletion and barelocity enabling them to avoid significant surface interaction.
bending in the bulk of the device. Typically, up to 10 000 hole&n important consequence of this fact is that interface rough-
were included in the calculations. It should be noted that Montess scattering seems to have a negligible influence on device
Carlo simulation of devices usually require simulation of largeperation. Simulations with or without the inclusion of the in-
number of particles to account for the contacts. Since the lerface scattering mechanism yield practically the same result.
havior of silicide contacts can be entirely represented by injec-The measured-V curves from Fig. 3 of [1] are reproduced
tion boundary conditions, dependent on a known quasiequiliib- Fig. 5 along with the corresponding simulated results, for
rium distribution, the complete ensemble of simulated particléise range of gate voltages froml.7 to—2.3 V. There is good

Ill. SIMULATION RESULTS
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The oxide thickness is 19 A. The solid lines are experimental results from [1]
and the dash-dot lines are from Monte Carlo simulation. Fig. 7. Current density along the substrate-facing side of the source in
subthreshold bias/, = —1.0 V, V, = 0.0 V. Leakage is primarily due to
. thermionic emission over the fixed silicide-silicon barrier.
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integrated circuit applications, the drain currentsoim and
off conditions differ by less than two orders of magnitude,
which is well below what is normally considered adequate for

§10° a standard MOSFET (five to six orders of magnitude). The

3 high off-current is indicative of leakage at the source, and

=° simulations are valuable for a detailed analysis. There is one
§ contribution to the leakage current due to thermionic emission
3 for energies above the nominal barrier, which occurs along the
F107'F entire perimeter of the source and is essentially independent
o

of bias. A second and equally significant component of the
leakage is due to tunneling and to additional thermionic
emission, both related to the barrier lowering effects of the
drain-source potential and the gate-source workfunction.
10_'121 =5 — = =5 Y 2 The effect of the drain-induced barrier lowering (DIBL), is
) ) "Gate Voltage Vj, (V) : ™ illustrated in Figs. 7 and 8, which show the current density
flowing out of the source sides facing the substrate and facing
Fig.6. Subthreshold characteristics of the same device in Fig. 5. The solid life@ channel, in conditions of subthreshold bias. The side facing
is an experimental result from [1] and the dash-dot line is from Monte Carie substrate primarily produces thermionic leakage over the
simulation. fixed barrier. The drain bias affects the leakage current only to
the extent that it sweeps away carriers which cross the barrier,
agreement overall. One of the most noticeable features is #red in this way the current is mainly flat and starts rising
sub-linear behavior of the current at very small drain voltagesnly in the portion closest to the drain. In contrast, the source
This effect is due to the Schottky barrier at the drain, impedirgijde facing the channel is more directly affected by barrier
current flow until the drain bias is sufficiently high. From thdowering and produces leakage current density which is more
point of view of circuit design, this is not a desirable behaviothan one order of magnitude larger. The barrier lowering is in
Simulation of the subthreshold current shows a remarkalf&et so pronounced in the 270 A device that tunneling emission
agreement with the experimental data, as shown in Fig. gightly exceeds thermal emission over the reduced barrier.
As mentioned earlier, Monte Carlo results for subthreshol@lose to the oxide interface there is a fixed amount of barrier
conditions are readily obtained, since all the simulated particllesvering approximately independent of the drain bias, because
are used to sample conduction in the channel, and the clagahe proximity to source and gate electrodes. Although held
agreement indicates that the coupled quantum-injection/Moraezero bias, there is a field due to the electrochemical potential
Carlo model should be valid for silicon devices with such shodifference between gate (polysilicon) and source (silicide),
channel lengths as considered here. However, the subthreshdhith is about the same as the Schottky barrier. The leakage
results also point out the major problem of the analyzed devicarrent drops off slightly moving away from the oxide interface,
structure. While the drive current is reasonable for practichlt then it rises again because the barrier lowering becomes
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subthreshold biag/; = —1.0 V, V, = 0.0 V. Leakage current density is more
than one order of magnitude larger than on the substrate-facing side. Thi his ier heigh | £
due to drain-induced barrier lowering through the mechanism of image forcdN€ source barrier height. For example, we performed Monte

Carlo simulations of the same 270-A device with barrier height

] ) increased from 0.2 eV to 0.47 eV obtaining an improvement of
dominated by the DIBL effect. DIBL is a short-channel effecte on/off ratio from 25 to 16 However, the current drive was

exacerbated by scaling. However, both thermal leakage oygfuced by almost a factor of ten. To provide a practical engi-
the barrier and leakage due the gate-source workfunction &g ring criterion, we examined an isolated Schottky barrier and
independent of channel length. For this reason, long-changghyated the injected current through the corresponding bar-
SB MOSFET's still produce a significant amount of leakagger, for different values of the Schottky barrier and a wide range
relative to conventional devices. of fields characterizing the triangular potential. The results are
A natural way to improve the subthreshold behavior is to aughown in Fig. 9. For maximum control by the gate voltage, a
ment the Schottky barrier at the source by adding doping. Thiggh barrier should be used and the Schottky barrier MOSFET
should be done in a way that does not appreciably affect the cakould be biased in a regime where the current variations are
rent drive. The Monte Carlo simulations introduced above haugaximized. However, for practical fields in the MV/cm range,
indicated that about 90% of the source on-current is inject@gk penalty for using a larger barrier is a significant reduction in
through the first 50 A below the Si-Sidnterface. Additional drive current. These curves can be used as a qualitative guide-

doping to increase the barrier in this region would have a Sge to understand the best tradeoff between drive and isolation.
vere impact on drive, but doping could be introduced in the rest

of the device as needed. As illustrated in Fig. 8, leakage only
varies slightly along the source side facing the channel. Thus,
we expect that the leakage current could be reduced in the mostVe have demonstrated a coupled quantum-injection/Monte
optimistic case to bé ~ (50 A/junction depth Iy, wherel, Carlo simulation procedure that is suitable to study MOSFET
represents the leakage current before doping modificationsdAvices with silicide contacts. Monte Carlo simulation of such
Monte Carlo simulation was performed, showing that this estlevices is found to be particularly effective both because un-
mate is reasonable. For a similar device with 270-A channel aoelrtainty in the Si/Si@ interface model is not significant, and
400 A junction depth at the source, we added a simple dopihgcause all computational effort is focused in the channel. Re-
profile uniform along thez-direction and Gaussian along thesults for a 270 A p-channel device agree well with available
y-direction. The density peak was chosen to b& i3 atthe measurements, showing that the use of semi-classical transport
source junction depth, with ~200 A. The simulations show in the bulk of the silicon device is still reasonable. The simu-
that, in exchange for a 15% reduction in drive current, the on/déftions provide detailed information to understand the mecha-
ratio can be increased to 150 from the value of 25 inferred fronisms of leakage in subthreshold conditions, thus providing a
Fig. 6. Although this is a good improvement, the overall leakagdear physical explanation of the poor isolation behavior. Modi-
behavior still falls short of what is normally expected of standarfitation of the device to improve performance can be guided by
MOSFET's. In the case of SOI technology, the leakage wousimulation. For instance, we estimated how much the addition
be reduced in a similar way, due to the reduction of source casf-an optimal doping profile in the channel or the use of SOI
tact area in communication with the channel. would improve isolation. Injection from the first 50 A of the
Another possible, although technologically problematic, dsource below the Si-SiQinterface was shown to be the most
gree of freedom in the design of the SB MOSFET is changirggitical for both drive and leakage current. To obtain significant

IV. CONCLUSIONS
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improvement in device performance, the reduction of leakage6] M. L. Cohen and J. R. ChelikowskyElectronic Structure and

beneath the channel with either doplng or SOl must be accom- Optical Properties of Semiconductor@nd ed. Berlin, Germany:
. . . . . Springer-Verlag, 1989.

panied with a mechanism which can reduce leakage without af-

fecting drive in the first 50 A.
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