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Simulated Characteristics of Deep-submicrometer Recessed Channel 

                     epi-MOSFETs 

 Rohana PERERA* , Akihiro IKEDA** and Yukinori KUROKI** 
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Abstract: Characteristics of ultra short channel length recessed channel n-MOSFETs on a p 
on p+ epitaxial layer (RC epi-MOSFET) were simulated using the two dimensional device sim-
ulator MEDICI. The simulated recessed channel (RC) structure consists of thicker source/drain, 
zero source/drain junction depth and a lightly doped channel layer. Conventional short chan-
nel planar MOSFETs and RC-MOSFETs with uniformly doped substrate were also simulated 
for performance comparison. High field simulations were carried out using carrier energy balance 
equations while the single carrier drift-diffusion set of equations was used for low field simulations. 
Simulation results showed that the RC epi- structure has suppressed threshold voltage roll-off and 
lower subthreshold swing compared with planar and RC-MOSFETs with uniform substrate dop-
ing, without significant reduction in on-state current. 

Keywords: Device simulation, MOSFET, Recessed channel, Epitaxial structure, Short channel 
effects

 1. Introduction 
  Metal-oxide-semiconductor field effect transistors 

(MOSFETs) scaled down to deep-submicrometer 
gate lengths require shallow source/drain (S/D) 
junctions, higher and steeper doping profiles and 
thinner gate oxides to suppress short channel effects 
(SCEs)1)-4). At sub 0.1µm channel lengths sub-
strate doping needs to be in the order of ~ 1018cm-3 
and such high doping levels lead to undesirably high 
threshold voltages and large junction capacitances 
thereby limiting the circuit speed5> . Performance 
degradation due to high resistance of the shallow 
S/D regions and leakage currents across heavily 
doped junctions are also limiting factors. The chan-
nel carrier mobility is also affected by increased im-
purity scattering. Formation of shallow S/Ds only 
a few tens of nm deep with high dopant concentra-
tions and steep profiles, and the high cost of lithog-
raphy for nano-scale patterning are also technolog-
ical challenges. 

 To avoid the problems of high junction capac-
itance and degraded mobility encountered with 
heavy doping while maintaining better subthresh-
old (and on-state) characteristics non-uniform sub-
strate doping profiles and non-conventional device 
structures have been adopted3)'4)'6) One approach 
is the devices that have retrograded channel doping 
profiles -namely, delta doped (DD) MOSFET6>'7> or
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the pulsed shaped doped MOSFET5> . This struc-
ture is reported to have suppressed SCEs without 
having high threshold voltage or degraded mobil-
ity. A structure with similar effects is the pocket 
implanted (PI) (or halo-doped) MOSFET, which 
is also reported to be fairly effective in suppress-
ing SCEs6>'8> but have degraded on-state currents 
due to high threshold voltages and lower mobility 
in the heavily doped pocket regions8). Performance 
improvements in both the DD and PI MOSFETs 
depend on the DD/pocket profile control, and the 
fabrication of DD devices with steep doping pro-
files has been reported to be a complex process7) . 
Another approach is the silicon-on-insulator (SOI) 
structures4). The thick buried oxide of the SOl de-
vices, on which lie the S/D, dramatically reduces the 
junction capacitance; and the possibility to have a 
thin Si layer as the channel allows a low channel 
doping density. Yet another approach is the epi-
taxial (epi-) MOSFET4> . Epi-MOSFET also con-
sists of an almost intrinsic epitaxial layer of Si on 
a heavily doped substrate layer. In both the SOI 
and epi- MOSFETs the S/D depths are limited by 
the thickness of the Si epi-layer, which is required 
to be very thin to suppress short channel effects, 
and hence, the increased S/D series resistance of 
these MOSFET structures significantly reduces the 
current drive and speed response. In order to have 
thick S/D and thus reduce the S/D resistance, ele-
vated S/D3)'9) or recessed channel SOI10> structures 
have been proposed.



Fig. 1 Schematic cross-section of the recessed channel 

      epi-MOSFET.

 The present work reports on a simulation study 
 on  a  recessed  channel  deep  submicrometer  n-

MOSFET on a p on p+ epitaxial layer, devised 
to achieve better performance by suppressing short 
channel effects. Both the substrate and S/D en-
gineering concepts are combined to have a retro-
graded channel impurity profile and elevated S/D 
with zero junction depth and thereby achieve better 
short channel effect suppression without increased 
S/D resistance, high junction capacitance or junc-
tion leakage, degraded mobility or very high thresh-
old voltage. The proposed structure is non-planar 
and consists of S/D in the epi-layer, separated by a 
groove (a V-groove gate) so that the channel is at 
the bottom of the groove. This structure can be fab-
ricated fairly simply by anistropic wet etching of Si 
by KOH solution to etch the V-shaped groove"). 
Simulation was carried out with the two dimen-
sional device simulator MEDICI (ver. 2002.4.0 Syn-
opsys, Inc., 2002) which is capable of simulating 
the behavior of deep submicrometer devices with 
arbitrary device geometry and non-planar surface 
topologies12). Simulation results show that the pro-
posed structure can effectively suppress short chan-
nel effects without significant reduction in on-state 
current. 

 2. Device Structure and Simulation 
 Figure 1 shows the schematic cross-section of 

the recessed channel n-MOSFET simulated in this 
work. The angle 0 was taken to be 54.7° follow-
ing the exact value that would result from KOH 
etching (or to be 45° when the drain characteris-
tics are simulated due to the constraint on number 
of grid points). The gate oxide thickness (Tc,„) at 
the bottom of the groove was 5nm while the thick-
ness on the side walls of the groove was taken to 
be 8.16nm considering the faster oxide growth rate 
( x1.6) on the heavily doped (111) oriented side

Fig. 2 Vertical doping profile of the RC epi-MOSFET.

walls. S/D thickness was 100nm, and was 75nm 
long at the top surface. The S/D doping density was 
uniform (ND=5x1017cm-3) for a vertical distance 
of 35nm and then followed a hemi-Gaussian profile 
so that the metallurgical junction is at the level of 
groove bottom (Fig.2). In the lateral direction the 
S/D concentration was uniform. The p+ substrate 
has a constant dopant density of Np+=1x1018cm-3 
while the epi-layer also has a constant density of 
Np- = 5x1015cm-3. However, from p+ region to p-
region, the dopant density varies following a hemi-
Gaussian profile resulting in a transition region of 

75nm. The epilayer thickness at the channel, tepi, 
is as indicated in Fig.2. The above dopant profiles 
were assumed in order to be fairly consistent with 
the profiles that would be found in the real device 
after the complete fabrication process. 

 The planar n-MOS structure considered for mak-
ing comparisons with the RC structure is a conven-
tional single S/D structure with a uniformly doped 
substrate (Fig. 3). Tox=5nm, X3=50nm and S/D 
length=150nm. The maximum S/D concentration 
was 5x1017cm-3 and NB=5x1015cm-3. The S/D 
dopant diffusion was taken into account and the lat-
eral diffusion was represented by a hemi-Gaussian 
profile. The lateral doping profile just below the 
Si/Si02 interface and the vertical profile across S/D 
are shown in Fig. 4.

Fig. 3 Cross-sectional diagram of the planar n-

      MOSFET.



 In every device structure the gate electrode was 
 n+ poly silicon; and the source, drain and substrate 

electrodes were assumed to be neutral contacts so 
that no uncertain resistances are added. The length 
of the simulated structure was 340 (or 300)nm + Lch 
for RC devices and 300nm+Lch for planar MOS-
FETs while all the structures had a (Si) depth of 
700nm. 
 For simulation of low field characteristics (sub-

threshold characteristics, Vth and transconduc-
tance) the single carrier drift-diffusion set of equa-
tions were employed since at low bias and low cur-
rent levels carrier heating is negligible. With these 
equations the mobility models used were a concen-
tration dependant mobility model, an enhanced sur-
face mobility model that takes into account phonon 
scattering, surface roughness scattering and charged 
impurity scattering, and a parallel field dependent 
mobility model. For simulation of drain character-
istics, the electron and hole energy balance (EB) 
equations were used together with the drift-diffusion 
equations (the hydrodynamic model)12) so that car-
rier heating in high and rapidly varying fields is 
taken into account. A carrier temperature based 
impact ionization model was also included, and the 
full energy balance equations consisted of transient 
effects and carrier cooling due to impact ionization. 
With the EB model a carrier temperature based mo-
bility model was used to account for mobility effects 
due to high (parallel) fields while an empirical model 
which combines the effects of bulk Si and the Si-
oxide interface (Lombardi surface mobility model) 
was used to model the bulk and inversion layer mo-
bility (transverse field effects). For simplicity, simu-
lations were carried out without including interface 
charges or traps.

Fig. 4 Doping profiles of the planar n-MOSFET 

(Lch=50nm, Xi=50nm). (a) lateral profile across 
      S and D, (b) vertical profile across S/D.

Fig. 5 Plots of drain current, ID, vs gate voltage, VG, of 

a planar and a RC-MOSFET with Lch=20nm for 

VD=0.1V and 1.0V. Also shown are the charac-

      teristics of a planar MOSFET with Lch=500nm. 

      Circles show Vth for each case.

 3. Results and Discussion 
Subthreshold characteristics of 20nm channel 

length planar and RC MOSFETs with uniform sub-
strate doping (UD) (NB=1x1015cm-3) simulated 
for the drain voltage VD=0.1V and 1V are shown in 
Fig. 5. Also shown in the figure are the character-
istics of a long channel (500nm) planar MOSFET. 

As can be seen from the plots, the planar MOS-
FET with Lch=20nm has unacceptably high sub-
threshold swing or (1/gradient), S, lower threshold 
voltage, Vth, and larger shift in Vth with VD, in-
dicating that short channel effects (SCE) are sig-
nificant in this structure and that substrate dop-
ing level is too low and the S/D junction depth is 
too high to suppress SCEs at this ultra short chan-
nel length level. However the RC-MOSFET with 
the same low substrate doping level is observed to 
have better subthreshold characteristics. With the 
view of further improving the RC-MOSFET charac-
teristics the effects of introducing a heavily doped 
substrate layer on the MOSFET parameters were 
analyzed. 
 Figures 6(a) and 6(b) show the variations of 

the threshold voltage and subthreshold swing, re-
spectively of the RC epi-MOSFET with the chan-
nel epi-layer thickness, tepi. Plots are shown for the 
channel lengths of 50nm and 20nm and for the drain 
biases of 0.1V and 1.0V. Figure 7 shows the varia-
tion of the maximum saturation transconductance, 
g,n, of the RC epi-MOSFET , with tepi. In each 
graph the larger, unconnected symbols on the right



 Fig.  6  Variation  of  (a)  the  threshold  voltage,  Vth, 
      and (b) the subthreshold swing, S, of RC epi-
      MOSFETs, with the channel epi-layer thickness, 

tepj.

vertical axis show the corresponding values for the 
uniformly doped substrate. 

The Vth was evaluated from extrapolating V1D 
to zero on the VG axis. Although the drain current 
of the RC epi-MOSFET may not follow the same 
ID-VG relationship as that of the planar MOSFET, 
this method turned out to be a consistent graph-
ical method for the evaluation of Vth of the epi-
MOSFET. As can be expected, Vth of the RC epi 
MOSFET increases with decreasing epilayer thick-
ness. Subthreshold swing, S, shows a reduction in 
the epi structure compared with the devices with 
uniformly doped substrate, especially for the case 
of high drain voltages (Fig. 6(b)), suggesting that 
the drain field penetration into the source junc-
tion is significantly suppressed by the presence of 
the heavily doped substrate layer. When tepi de-
creases from 250nm to 150nm S reduces further, 
though slowly, and then shows a small increase at 
tepi=100nm, for which case the lightly doped layer 
thickness is --, 25nm. The increase in S could partly 
be due to the increased depletion capacitance that 
will be present when the lightly doped layer is very 
thin44). Similar behavior has been observed with 
planar epi-MOSFETs as we1l4).

Fig. 7 Variation of the maximum saturation transcon-
      ductance, gni, (at VD=1V) of 20nm and 50nm 

channel length RC epi-MOSFETs, with the chan-
      nel epilayer thickness, tepi.

Saturation transconductance of the RC epi-
MOSFET shows degradation with decreasing epi-
layer thickness, tepi, (Fig.7) which will lead to de-

graded on-state currents. This behavior could be 
due to the increased transverse field found with de-
creasing tepi• 

The above dependences of Vth, S and gni on tepi 
was used as a rough guideline for selecting an appro-
priate tepi value for a device so that further analysis 
on epi-MOSFET characteristics could be made on 
a device with a fixed tepi. Considering the observed 
mid Vth value, lower S and not too much degraded 
gm, the epilayer thickness, tepi, of 200nm (which 
corresponds to a very lightly doped (5x1015cm+3) 
layer of 125nm) was selected for cross-analysis 
of RC epi-MOSFETs with different submicrometer 
channel lengths. 

 Figure 8 shows the conduction band (electron) 
potential, Ec/q, variation of the RC epi-MOSFET 
(tepi.---200nm, Lch------50nm) under different bias con-
ditions from fully-off to fully-on state. The lines cor-
respond to gradually increasing vertical distances 
from the top surface of S/D up to the p+ layer. The 
lines have been shifted left/right to show the poten-
tial barrier/slope clearly. No anomalous behavior 
is observed in these plots, and these diagrams illus-
trate the operation of the RC epi-MOSFET. 

Figure 9 shows that Vth roll-off in the RC epi-
MOSFETs with tepi=200nm is well suppressed com-
pared with uniformly doped substrate RC and pla-
nar MOSFETs. In the sub 0.1 fim channel range 
the RC epi-MOSFET shows the lowest S factor of 
the three device types (Fig. 10). Thus there is 
evidence that the RC epi structure has much bet-
ter subthreshold characteristics compared with uni-
formly doped RC and planar MOSFETs.



Fig. 10 Variation of subthreshold swing, S, with the 
 channel length, Lch, for RC epi-MOSFET 

(tepi=200nm), and RC MOSFET and planar 
      MOSFET with uniformly doped substrate at 

VD=1V.

Fig. 8 Conduction band (electron) potential, Ec/q, di-
      agrams of the RC epi-MOSFET (tepi=200nm, 

Lch=50nm) for different VG and VD biases.

Fig. 11 Variation of the maximum saturation transcon-

      ductance, gn„ of the RC epi-MOSFET, RC MOS-

      FET with UD substrate and planar MOSFET 

      with UD substrate at VD=1V.

Fig. 9 Threshold voltage roll-off of RC epi-MOSFETs 

(tepi=200nm), and RC and planar MOSFETs 
with uniformly doped substrate for (a) VD=0.1V 

(b) VD=1.OV.

For all the channel lengths the gm shows a lower 
value than those for the uniformly doped sub-
strate case (Fig.11). This could partly be due to 
the increased transverse field in the epi-MOSFET. 
The saturation of gm observed at channel lengths 
< 50nm for both RC structures could be due to the 
fact that the effect of S/D resistance becomes sig-
nificant at ultra short channel lengths as well as due 
to possible carrier velocity saturation with high lat-
eral fields. In the case of the planar MOSFET the 
sudden fall in gm for Lch < 100nm could be due to 
the additional effect of gate beginning to loose con-
trol over the drain current when VD is fairly high 
(VD=1V) as was also observed in subthreshold char-
acteristics in Fig. 5. 

The drain characteristics of 50nm channel length 

RC epi-MOSFET, and RC and planar MOSFETs 

with uniformly doped substrate are shown in Fig. 

12, for the gate bias of 1V. The variations shown are



Fig. 12 Simulated drain characteristics (ID vs VD) of 
      RC epi-MOSFET, and RC and planar MOSFETs 

      with uniformly doped substrate for Leh,---50nm 
 and  VG  =1.V.

expected to be highly accurate since the most ap-
propriate models available in MEDICI, that account 
for carrier heating, velocity overshoot and impact 
ionization phenomena in ultrashort channel devices 
were employed for drain characteristics simulation. 
As can be expected, the saturation drain current of 
the RC epi-MOSFET is lower than its UD substrate 
counterpart. Although reduced, the IDsat value for 
the RC epi-MOSFET indicated in Fig. 12 is close 
to that of the planar MOSFET. Since the Vth of 
the planar MOSFET is lower than that of the RC-
structures, the difference in IoN between the RC-
and planar structures will be higher when the same 
gate drive (Vc-Vth) is considered. Further, it was 
observed that by decreasing the gate oxide thick-
ness and increasing the S/D dopant concentration, 

gm and ION of both RC structures could be signifi-
cantly increased. 

 The observations made in this study and the re-
ported effects of the epilayer on the planar MOS-
FETs indicate that the parameters of the present 
RC epi-MOSFET can be altered so that specifica-
tions for a particular application are met. The chan-
nel epilayer thickness, tepi, can be further reduced 
to have much tighter control over SCEs and to have 
lower 'OFF at the expense of on-state current for low 
power applications; and S/D concentration may be 
increased to have higher gm and ION for high per-
formance applications while having acceptable sub-
threshold characteristics. Thus the present study 
provides a basis for optimizing the properties of the 
proposed RC epi-MOSFET.

 4. Conclusions 

 A device simulation study was carried out on a 

deep submicrometer, recessed channel n-MOSFET 

structure on a p on p+ epilayer. The simulation re-

sults show that the RC epi structure has suppressed 

short channel effects -lower Vth roll-off and lower 

subthreshold swing compared with RC MOSFETs 

and conventional planar MOSFETs with uniformly 

doped substrate, without on-state current being sig-

nificantly affected. There is potential in the pro-

posed structure to make modifications in the device 

parameters so as to meet application specifications. 

         Acknowledgements 

 R. Perera gratefully acknowledges a postgraduate 

scholarship from the Ministry of Education, Cul-

ture, Sports, Science and Technology of Japan. 

              References 

 1) International Technology Roadmap for Semiconduc-
    tors, Semiconductor Industry Association, San Jose, 

    CA, 2001. 
 2) T.Hori, Gate Dielectrics and MOS ULSIs, Springer, 

    Berlin, 1997, 105-134. 
 3) H. Iwai and S. Ohmi, Microelectronics Reliability, 42, 

    465-491, 2002. 
 4) C. Fiegna, H. Iwai, T. Wada, M. Saito, E. Sangiorgi 

    and B. Ricco, IEEE Trans. Electron Devices, 41(6), 
    941-951, 1994. 

 5) R.H. Yan, A. Ourmazd and K.F. Lee, IEEE Trans. 
    Electron Devices, 39(7), 1704-1710, 1992. 

 6) C.H. Wann, K. Noda, T. Tanaka, M. Yoshida and C. 
    Hu, IEEE Trans. Electron Devices, 43(10), 1742-1753, 

    1996. 
7) K. Noda, T. Tatsumi, T. Uchida, K. Nakajima, H. 

    Miyamoto and C. Hu, IEEE Trans. Electron Devices, 
   45(4), 809-814, 1998. 

8) Y.S. Pang and J.R. Brews, Solid-State Electronics, 46, 
    2315-2322, 2002. 

9) S. Kimura, J. Tanaka, H. Noda, T. Toyabe and S. Ihara, 
    IEEE Trans. Electron Devices, 42(1), 94-99, 1995. 

10) M. Chan, F. Assaderaghi, S.A. Parke, C. Hu and P.K. 
    Ko, IEEE Electron Device Lett., 15(1), 22-24, 1994. 

11) J. Appenzeller, R. Martel, P. Solomon, K. Chan, P. 
    Avouris, J. Knoch, J. Benedict, M. Tanner, S. Thomas, 

    K.L. Wang and J.A. del Alamo, Microelectronic Engi-
    neering, 56, 213-219, 2001. 

12) MEDICI User's Manual ver. 2.3, Technology Modeling 
    Associates, Inc., CA, 1997.


