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Short-Channel Effect Immunity and 
Current Capability of Sub-0.1-Micron 

l\1OSFET's Using a Recessed Channel 
Paul-Henri Bricout, Member, IEEE, and Emmanuel Dubois, Memher, /EF,F, 

Abstract-Sub-0.l-µm planar and gate recesscd MOSFET's 
are investigated using both drift-diffusion and Monte Carlo 
simulations. In nonplanar devices, the influence of the gate 
corner explains that the threshold voltage roll-off can be almost 
suppressed. A steeper subthreshold slope (low swing) is also 
obtained for a ch:mnel length shorter than 50 nm when the 
recessed channel MOSFET is compared toits planar counterpart. 
The influence of the corner effect on high-current performances 
is also considered illl relation with the electric field profile along 
the Si/Si02 interface. 

L INTRODUCTION 

T
HE search for higher performances of integrated circuit�
has lcd to the scaling of MOSFET's down to the 0.1-µm 

range. The main justification of this miniaturization is the gain 
in integrahility and speed. However, some drawhach have to 
be considered: short-channel effects may affect the electrical 
performances, and hot carrier phenomena are critical in terms 
of device degradation. Improved current drive capabilities and 
low parasitic resistances and capacitances are also crucial 
issues for the speed performances of MOS devices. Large 
efforts are currently dcvoted to face the difficulties associated 
with deep submicrometer Llimensions. The oplimization is 
guided hy rules d,:rived from scaling laws, and by the somc 
technological considerations, as follows: 

l) The decreasing of device dimensions causes the so­
ealled short-channel effects: threshold voltage roll-off
and degradation of the subthreshold slope, that in turn
increases the off-current level and power dissipation.

2) The gate oxide thickness has to be reducecl in con­
cert with other dimensions. There is, however, a limit
imposed by direct tunnelling and technical constraint,
which is cornmonly estimated as about 30 to 35 Â fl].

3) The gate induced drain leakage, which is a band-to-bancl
tunnelling current due to the vertical electric field in the
gate-drain overlap rcgion gives a limit to the electric
field and therefore to the bias voltages.

4) The reduction of the junction depth is also prescribed
by usual scaling laws [ 3 J. Shallow junction with a weak
lateral spreading are desirable for the control of short­
channel effects while the source and drain resislances
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must be kept as low as possible. However, practical 
realizations are limited by the present technological 
possibilities, and for conventional MOSFET's, a trade­
off is necessary between the search for very shallow 
junctions and degradation of access resistances. 

5) Hot carrier phenomena are related to high electric field.
Thus, the reduction of the suppl y voltage as prescribed in
a full scaling law may significantly reduce such effects
[4]. Various studies have shown that decreasing both
channel length and supply voltage allows for a reduction
of the elcctron energy. This should increasc the hot
electron reliability.

6) As supply voltage is lowered, the threshold voltage
must be reduced too in order to preserve an appropriate
gate voltage overdrive, but its value has to be strictly
conlrolled to preserve the noise margins and to limit off
leakage current.

7) The current drive capabilities are altered by some phe­
nomena such as the mobility reduction induced by
high doping Icvels. A way to improve the current
performances could be the use of the velocity overshoot
effect [5]. Velocity overshoot is obtained when a strong
laierai electrie field is present in the channel, due to the
drain source voltage. The drawback is that short-channel
effects could also increase bccause of the influence of
the drain in the channel region even at low bias.

8) The geometry of the device retained for the scaling
of MOSFET down to the 0.1-µm range should 1r1ot
require too many additional and expensive process steps.
This eliminates, for the moment, original structures
as gate-all-around transistors [2], [6], although very
good performances in term of short-channel effects and
current drive capabilitics were demonstrated, due to the
excellent control of the gate on the channeL

A solution proposed to reduce the lateral extension of 
the drain influence toward the channel is to modify the 
device geometry. In a review of the technology requirements 
for sub-0.1-µm MOSFET's, Fiegna et al. [2] studied differ­
ent conventional structures with uniform, buried or epitaxial 
channel and also single and double gate SOI devices, but 
overlooked the investigation of ,tructures with elevated ,ource 
and drain. These device architectures have recently attracted 
much attention for their low sensitivity to the short-channel 
effects [7]-[l l ]. In this paper, a comparison of the grooved-
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gate MOSf<ET with its conventional planar counterpart has 
bccn carricd out using both drift-diffusion and Monte Carlo 
simulations l 12 J--l 14 J, The simulatcd transistors arc dcscribcd 
in the Section 11, as wcll as the main points related to the 
simulation mcthods. Section lll givcs a dctailcd discussion 
on the respective advantagcs of planar and rcccsscd chan­
nel MOSFET's from the short-channel effects and current 
capabilitics Yicwpoint. 

Il. DEVTCE STRUCTURES AKD Sf'v!ULATTO'I TOOLS 

A. Device Geometry

The simulated devices are described by the schematic cross
section in Fig. 1. The gate oxide thickness is denoted t0x , for 
both device�. The effective channel length TJ0rr corresponds 
here to the metallurgical channel length, taken along the gate 
oxide. For lhe con,entional planar nMOSFET, an LOD like 
structure is used. A double ion implantation is used for the 
formation of a shallow junction near the channel region, and 
thicker source and drain diffusion toward the contacts, thus 
limiting the access resistances. The maximum concentrations 
at the surface are 1020 cm-3 for the main source and drain 
implantations and 1019 cm-3 for the extensions. The junction 
depth Xj is about 10 nm, which is close to the present state 
of the art [15]. For the nonplanar device, the junction depth 
may be positive or negative as the Si/Si02 interface is higher 
or lower than the junction. The sharpness of the corner is 
described by the angle a between the horizontal and oblique 
parts of the interface. Maximum concentration in the source 
and drain region of the recessed structure is also 1020 cm -3

. 

B. Simulation Afetlwds

For the well-known drift-diffusion mèlhod, carners are
cunsidered in cquilibrium with the serniconductor crystal, 
allowing a ,ery rnbust and fast resolution. This method 
gh es an accurate evaluation of de vice performances as far 
as carriers heating is ncgligiblc. Drift-diffusion simulations 
can thus be used to simulate the subthreshold behavior and 
extract the thrcshold voltage for low Vos bias. As the drain 
voltage incrcascs, drift-diffusion models rnay only givc a 
qualitative insight into the clcctrical performances. as hot 
electron phenomcna are ignored. A now widely uscd tool for 
simulation of high-biased deviccs is the .\1onte Carlo method, 
that includcs the electron hcating and rclated phenomena 
such as velocity overshoot and transconductance higher than 
predicted by saturation models. The Monte Carlo program 
developed in our laboratory [ 14 l is compatible with the drift­
diffusion device simulator IMPACT ll6] as they use the 
same description of the device in terms of mesh and con­
centrations. The result of a drift-diffusion simulation is used 
as a staning point for Monte Carlo calculations. allmving 
a faster procedure. For the electron energy band structure 
and the scattering processes, the models and values proposed 
in references [ 17 J arc uscd. Interactions of electrons with 
the interface are considered either as specular collisions or 
diffusions: the energy is preserved and the direction of the 
velocity is either reflected against the interface following usual 
reflection laws or randomly selected. Both simulation tools 
have been used to compare conventional bulk transistors and 
nonplanar devices. 

III. RESULTS AND DISCUSSION

A. Corner Effect

The thrcshold Yoltagc is dcfincd for long-channcl MOS­
FET' s as the gate voltage that causes the channel inversion 
and then enables conduction. For short devices, the channel 
depletion region is influenced by source-bulk and drain-bulk 
junctions. The thre,hold voltage lhen depends on geometrical 
parameten; �uch as effective length and junction shape. For 
,implicity, we denote VTH the gale lo source voltage that 
allows a source to drain currenl of 10 nA in a 1-µm-wide 
device. 

The benefils of the rece,:,ed structure in terms of short­
channel effecls are rnainly due to the potential barrier gen­
erated at the gate corners, as pointed in [10], [16]. This is 
illustrated by Fig. 1, in which the surface potential is plotted 
along the Si/SiO2 interface. For the planar MOSFET, the 
potential is strongly perturbed by the drain voltage and the 
potential barrier is removed in the channel region, in contrast 
to the grooved channel device for which the potential barrier 
is only slightly affected in the drain region. Thus, the corner 
effect acts against the DIBL effect. 

B. Short-Channel Effects Through Low Bias Simulations

An accurate knowledge of the evolution of the threshold
voltage and of the subthreshold slope S with the channel 
length reduction is essential for device optimization. As this 
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part of the study is limited to low bias condition, classical drift­
diffusion simulations are used. Different device geometries
have been simulated, and it has been found that the best
recessed structure has a very small junetion depth and a
moderate interface slope [12]. Then, the simulations have been
carried out with a = 30° and a junction depth close to zero:
Xj = 0 nm or Xj = -5 nm. As reported in Fig. 2, threshold
voltage roll-off is clearly present for the planar device, due to
the influence of the drain-bulk junction on the channel region.
On the contrary, the recessed structure nearly keeps the same
thrcshold voltage for all simulated channel lengths, for any
gate oxide thickness. The threshold voltage even increases as
the channel length is reduced. This behavior is attributed to
a "coupling" of the potential barriers created at both corners
of the gate, which slightly increases the total barrier between
source and drain as the U grooved channel converts into a
V grooved channel [12]. Another parameter affected by the
length reduction is the subthreshold swing. In a "long channel"
approximation, it is expressed as 

(1)

where Cv and C0x are, respectively, depletion and oxide
capacitances. For a geometrical reason, the average value
of C0x is infcrior in the recessed dcvice than in the planar
one. This should give a better (lower) S factor to the planar
structure. Fig. 3 confirms this interpretation for a long planar
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device. Howevcr for devices shorter than 50 nm, the situation
is reversed: S factor is less degraded in the recessed structure.
It is thus possible, with a nonplanar device to obtain both
advantages in the limit of very short channels: i.e., nearly no
roll-off and a slow increase of the subthreshold swing. Fig. 4
presents the influence of the bulk doping level. Following rela­
tion (1), the depletion capacitance Cn and the 8 factor increase 
with the doping concentration. This behavior is observed for 
the longest planar structures (L > 100 nm). However, for
devices shorter than 50 nm, the subthreshold slope dcviates
from its long-channel expression: S decreases as the doping
level raiscs, due to short-channel effects. On the contrary, the
recessed MOSFET's always exhibit the same "long channel" 
behavior. This allows for the prcscrvation of a reasonable
subthreshold characteristic with a moderate substrate doping.
The doping level has to be determined in relation with the
desired threshold voltage. as pointed by Fig. 5. As mentioned
above, the threshold voltage does not depend on the channel
length for recessed structure, and unlike fully-depleted SOI
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structures [ 61. Vrn may still be adjustcd according to the bulk 
doping concentration. 

C. High-Bias Simulations

With the reduction of dimensions, short-channel effects
and subthreshold behavior have to be strictly CPntrolled, 
a, mentioned in the previous part. Arwther a,pect of the 
optimin1tion concerrn, the high-current performances. The 
qualitative evolution of the drain current in the saturatic1n 
rcgion with a constant gate voltage overdrive (Vi; - Vrl! =
Vr)S '--" 1.2 V) is presentcd on Fig. 6. from drift-diffusion 
simulation�. Although drift-diffusion mode! is no! accun-ite for 
very short deviccs. it is clcarly obser\ed that the maximum 
saturation rnrrcnt in nonplanar- devices is roughly rcduccd by 
a factor 2 with respect to its planar counteqmrt. llowcver, as 
the threshold voltage is bettcr eontrolled in recessed structures, 
this diffcrcncc may be partially compcnsatcd by the use of a 
lower doping level in the bulk, while keeping equivalent noise 
margins. Monte Carlo simulations, including nonstationary 
transport, give more details about the electrical behavior of 
the different devices and about the main limitation on current. 
In Fig. 7, mean electron velocity is plotted along the Si/Si02 
interface of three different structures. For the planar device, 
nonequilibrium transport occurs in all the channel region 
and in the drain, as indicated by velocity peaks. On the 
contrary, nonstationary transport in recessed MOSFET's is 
only observed near the oxide corners, essentialy in the drain 
region. The magnitude of nonstationary phenomena is small 
in the channel, and in general, lower than the ones present in 
the corresponding planar structure. This is a positive point 
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conceming hot carrier phcnomcna and rcliability. In order 
to better undcrstand the mechanism involvcd in the currcnt 
limitation, Fig. 8 reports the elcctric field profiles for differcnt 
ehannel lcngths of the optimizcd recesscd structure. ln the 
ehannel region, the lateral field is screcncd by the corner effect 
and its magnitude is low. ConYerscly, a large and narrow peak 
of electric field is prcscnt at the source oxidc corner whilc 
its magnitude and shapc on the drain side rcmain unchangcd, 
but arc simply translatcd according to the dcvicc lcngth. This 
mcans that the clcetric field and, thus, the transport properties 
are totally controlled by the oxide/channel geometry. For 
optimiLation, a compromise has to be found between the 
tight control of short-channel effects ami suhthre,hold slope 
allowed hy the corner effect and the high-current performances 
associated with velocity overshoot, that are availahle in planar 
structures. 

IV. CONCLUSION 

DeYice simulations using classical drift-diffusion formalism 
and Monte Carlo mcthod can explain the behaYior of groovcd 
.\lOSFETs. Due to the corner effeet, short-ehannel effects can 
be suppressed by an appropriate geometry of the interface, 
while the tlireshold voltage is still detenninecl by adjusting the 
bulk doping level. The main drawback of the corner effect 
for high-.,peed appliuitions is the reduction of the maximum 
,aturati()n current. However. this restriction on current can be 
traded-off with the suppression of short-channel effects fur 
high-density applicati()ns (e.g., rnemories) in which low-power 
operntion is required. Otherwise, for equal noise margins, it is 
pm,sihle tn use a lower concentration than in conventional 
planar devices. Thus, the degradation of U1e rnrrent drive 
capability is limited. On the other hand, the nonequilibrimn 
transport is mainly located in the drain region. This means 
that the magnitude of hot carrier phenomena should be reduced 
compared to planar MOSFET's. 
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