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Improving Strained-Si on Si1 xGex Deep Submicron
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Abstract—We have made use of a stepped doping profile to improve the performance of strained-Si ultra-short MOSFETs. Electron mobility curves are calculated by a Monte Carlo simulator
including electron quantization and Coulomb scattering, in addition to phonon and surface roughness scattering. In the first part
of the paper, the effect of Coulomb scattering due to both interface charges and bulk impurities is carefully analyzed. We show
that the strain enhances the Coulomb-limited mobility due to the
interface-trapped charges as a consequence of a better screening
of these charges by mobile carriers. However, we also show that
this improvement in the Coulomb-limited mobility does not occur
if the Coulomb scattering is due to bulk doping impurities, since
they share the same physical space with the carriers, and therefore the screening is the same for the same inversion charge concentration. Nevertheless, we have shown that the use of a stepped
doping profile bypasses this inconvenience. The introduction of a
low doped layer below the oxide reduces the scattering produced by
the bulk ionized impurities, enhancing Coulomb-limited mobility
in deep-submicron devices. On the other hand, we have seen (by
using MINIMOS-NT) that the use of the low doped silicon layer
significantly improves the drain current while degrade the turn-off
behavior of very short-channel devices only moderately. This design provides the possibility of taking full advantage of the great
reduction in phonon scattering produced by the strain in the Si
layer in these MOSFETs.
Index Terms—Inversion layers, MOSFETs, SiGe, simulation.

I. INTRODUCTION

T

HE technological improvements achieved in relation to the
Ge heterostructures have enabled the
growth of Si/Si
fabrication of devices in which a very important enhancement in
electron mobility has been experimentally observed [1]. For example, significant mobility improvements have been reported,
not only in modulation doped heterostructures, but also in and p-MOSFETs with strained-Si channels grown on relaxed
Ge substrates, manufactured using standard CMOS proSi
cessing [2]–[4].
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As is well known, mobility improvement in strained-Si
channel MOSFETs is mainly due to the following two facts:
1) the reduction in the carrier conductivity effective mass;
2) the reduction in the intervalley phonon scattering rates
[5]–[7].
Both facts are a consequence of the splitting of the six-fold
degeneracy in the Si conduction band minimum caused by the
strain [8]. The six-fold degenerate valleys separate into two
groups: two lowered valleys with longitudinal mass axis normal
to the interface, and four raised valleys with longitudinal mass
axis parallel to the interface [8], [9]. According to the above,
most of the inversion electrons, which will occupy the two
lower valleys, will have a lower conductivity effective mass for
transport in the direction parallel to the interface. Intervalley
phonon scattering rates are also reduced by the valley splitting
due to the separation of the energy levels associated with each
type of valley. In this respect, the intervalley scattering rate
between nonequivalent valleys (f scattering events) is reduced
since the energy difference between initial and final states
increases and, therefore, the scattering processes are less likely
[5]–[7] [10], [11].
In a previous paper we studied the isolated contribution of the
two effects to mobility improvement as strain increases [6]. In
the conclusions, we reported that the contribution of the reduction of intervalley scattering is not as important as the contribution of the reduction of conductivity-effective mass in the low
longitudinal-electric-field transport regime; in other words, the
reduction of the conduction effective mass is the main factor responsible for low-field mobility improvement in strained channels. In the same paper, we showed that a reduction in the intervalley scattering rate mainly produces a stronger electron velocity overshoot effect as the Ge mole fraction increases.
Previous studies performed have focused on the contribution
of surface-roughness and phonon scattering mechanisms to inversion layer low-field mobility [6], [12]. However, we should
not forget the role of Coulomb scattering, specially now, when
strained-Si MOSFETs are the subject of a debate to try to clarify
the use of these devices as alternatives to existing deep-submicron CMOS technologies.
Short-channel effects are usually controlled by increasing
the channel-doping concentration, thus suppressing the spread
of source and drain depletion layers. Therefore, as the channel
length is scaled down to 0.1 m and below, the doping concm .
centration must be raised to values around
Such high bulk-impurity concentrations lead to an increase
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in threshold voltage and to an important decrease in electron
mobility, which strongly degrades the electrical properties of
the device [13]–[16], [19]. The reduction in electron mobility
caused by Coulomb scattering is so important that it is becoming one of the main limiting agents that have to be dealt
with in order to continue the dimension reduction process.
Bearing in mind the above, it is clear that a study of the influence of Coulomb scattering on the transport properties of electrons in strained inversion layers is welcome in order to accurately assess the suitability of strained-Si/SiGe deep-submicron
MOSFET technology.
To do this, we implemented a Monte Carlo (MC) simulator
and made use of MINIMOS-NT [20] to evaluate, respectively,
electron mobility and the drain current in strained Si on reGe MOSFETs. The effect of Coulomb scattering
laxed Si
Ge is summarized in
on electron mobility in strained Si/Si
Section II. We found a very interesting and curious pattern of
electron mobility depending on where the scattering centers are
located. Thus, if the main source of Coulomb scattering centers is the interface trapped charge, the greater the germanium
mole fraction the lower the Coulomb scattering, and therefore
the higher the electron mobility. However, in the case where
Coulomb scattering is mainly due to substrate doping impurities, the strain does not contribute at all to reducing Coulomb
scattering. A physical explanation of this behavior is provided
in Section II.
We will see in Section III that to take advantage of the strain
and thus improve the Coulomb limited mobility in highly doped
samples we should physically separate bulk impurities from inversion layer electrons. An easy method to achieve this separation between bulk impurities and channel carriers is to make
use of a stepped doping profile [13]–[15]. In Section III, electron mobility curves and I–V characteristics of stepped doping
profile strained silicon MOSFETs are provided. A comparison
of these results with those obtained in unstrained-Si devices is
also shown. Finally the main conclusions of our work are presented in Section IV.

II. COULOMB SCATTERING IN STRAINED
Si/Si
Ge MOSFETS
In order to study the effect of Coulomb scattering we developed a comprehensive Coulomb scattering model [21] that includes the effects of the charged-center space correlation and
the random nature of the charged centers in the Born approximation. Using this model we were able to accurately reproduce
experimental effective mobility in unstrained silicon inversion
layers, in a wide variety of situations [22], [23]. We used this
Coulomb scattering model in the framework of a one-electron
Monte Carlo simulator, which enabled us to study the stationary
transport properties of the electrons in such devices, and, in particular, to evaluate the stationary drift velocity and the low-field
electron mobility.
Electron quantization in the inversion layer has been shown
to play a very important role in the performance of these devices, and therefore, it was properly taken into account in our
simulation. To do so, the Poisson and Schroedinger equations
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Fig. 1. Electron mobility: (a) without Coulomb scattering and (b)
including Coulomb scattering versus transverse effective field at room
Ge
temperature in strained silicon inversion layers grown on Si
for a low doped substrate (N
= 9
10 cm ) (solid line:
x = 0;
: x = 0:1; : x = 0:2; : x = 0:3; : x = 0:4).



2

were self-consistently solved. A detailed description of this simulation can be found elsewhere [21]–[23]. In addition, the nonparabolicity of conduction band effects has been included [24].
In this work, the effect of the strain is included only in the band
( being
structure as the valley splitting energy
the Germanium mole fraction) between the two lowered valleys
with longitudinal mass axis parallel to the interface and the four
raised ones with longitudinal mass perpendicular to the interface, assuming that the strain does not modify the shape of the
valleys. Changes in nonparabolicity with strain were neglected
as second-order effects. The effective masses of electrons were
assumed to be the same as in unstrained silicon, as is usually
done. The coupling constants for phonon scattering were also
assumed to remain unchanged.
A. Interface-Trapped Charge
In the first instance, we analyzed the effect of the Coulomb
interaction due to the charged centers located right at the interface or inside the oxide. Therefore, we assumed a low unicm ), and that
form doping concentration (
the Coulomb scattering is only due to charges trapped right at
the interface. The simulated MOSFET structure was formed by
a strained silicon layer (10 nm thick) grown epitaxially on a reGe substrate. The oxide thickness was assumed
laxed Si
to be 5 nm. Fig. 1 shows simulated mobility curves assuming
(a) no Coulomb scattering and (b) an interface charged layer of
cm , for strained silicon inversion layers.
In the present case, as the Coulomb scattering is only due to
charges trapped right at the interface, i.e., right at the limit of
the electron distribution, there is a spatial separation between
electrons and Coulomb scattering centers [8]. In this situation,
a modification of the electron distribution in the direction
perpendicular to the interface (in order to move it closer to
the interface-trapped charge) causes the screening to increase,
thus decreasing Coulomb scattering, even when the proximity
of the carriers to the scattering centers is lower and therefore
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Fig. 2. Coulomb limited mobility versus transverse effective field at room
Ge for different
temperature in strained silicon inversion layers grown on Si
values of the Ge mole fraction.

the bare scattering potential (that is to say, without screening)
is stronger. This is what happens when the population of
the ground subband is increased as a consequence of valley
splitting as the germanium mole fraction, and therefore the
strain, increases. This effect is similar to what happens in an
unstrained silicon inversion layer when the transverse effective
field increases: the Coulomb limited mobility increases thanks
to a higher screening, even though carriers are closer to the
scattering centers.
To show the effect of the strain on the Coulomb scattering,
we made use of the Matthiessen rule and the mobility curves
of Fig. 1 to isolate the Coulomb scattering contribution to the
mobility (Fig. 2). The following conclusions can be drawn.
1) As mentioned above, the well-known fact that the greater
the effective field the greater the Coulomb limited mobility, as a consequence of better screening of the interface charges by the mobile carriers [23] even when the
greater the effective field the closer the electrons are to
the interface-trapped charges.
2) For a fixed value of the transverse electric field, the
greater the Germanium mole fraction the greater the
Coulomb limited mobility. As the Germanium mole
fraction increases, the higher band splitting causes
the ground subband population to increase, thus decreasing the number of electrons in the excited subbands.
Therefore, the screening of the charged centers by the
mobile carriers will be more effective, thereby reducing
Coulomb scattering, and increasing the electron mobility.
This latter result is very important since it proves that
the strain also contributes to improve electron mobility by
decreasing the Coulomb scattering effects and not only by
reducing intervalley scattering and the conduction effective
mass as has been maintained until now.
In this context, we would like to draw the reader’s attention
to the important role of quantization: if quantum effects are ignored, screening only depends on the total inversion charge, and
therefore, no Coulomb mobility enhancement would be appreciated as strain increases.
B. Doping Impurity Charge
In the previous analysis we considered a very low doped substrate. Nevertheless, in state-of-the-art technology, very high

Fig. 3. (a) Electron mobility including Coulomb scattering versus transverse
electric field at room temperature in strained silicon inversion layers grown on
Ge for a high doped substrate. (b) Coulomb limited mobility for the same
Si
devices as in Fig. 3(a).

nonuniform doped substrates are used to avoid short-channel
effects. In such cases, channel impurity profiles are carefully
selected to obtain higher transconductances and to prevent
punchthrough [13], [15]. We have considered one of these
channel impurity profiles, and studied the effect of the strain
on the Coulomb scattering due to this doping profile. The
,
profile considered was the result of an ion implantation (
cm ) over a substrate concentration of
100 KeV,
cm . Although this profile has a peak concencm at about 0.06 m under the silicon
tration of
surface, the doping impurity concentration right at the interface
cm . Therefore, in this case, in contrast to the
is
case studied above, there is no physical separation between
Coulomb scattering centers and inversion electrons. Furthermore, a modification of the electron distribution in the direction
perpendicular to the interface does not modify the proximity of
the electrons to the bulk impurities and thus the screening (in
this case only a modification of the total number of carriers,
not its redistribution in the different subbands, would modify
the screening). Fig. 3 shows electron mobility curves (a) and
Coulomb limited mobility (b) for different Germanium mole
fractions. Fig. 3(b) shows that Coulomb scattering is very
slightly improved by the strain, since screening is hardly
modified by the strain as explained above. Nevertheless, it is
worth noting that Fig. 3(a) shows that as the effective field
increases, so that Coulomb scattering is not dominant, mobility
curves separate, maintaining the enhancement provided by the
intervalley scattering and conduction effective mass reduction.
III. STEPPED-DOPING PROFILE
As established above, the strain does not contribute to improving the mobility behavior in highly doped substrates due
to the fact that carriers and Coulombic centers share the same
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physical space. As a consequence, the carrier redistribution due
to the strain does not enhance the effect of the screening and
therefore, does not improve the mobility. Therefore, if we want
to take advantage of the strain to improve the Coulomb limited mobility we should physically separate carriers and scattering centers (doping impurities), and thus, a modification of
the carrier distribution in the channel could effectively modify
the screening, reducing the total Coulomb scattering rate.
In doing this, it is clear that Coulomb scattering would be
reduced as a consequence of the greater distance between
scattering centers and carriers, but not only or even mainly
due to this reason, but rather as the Ge mole fraction increases
(and therefore so does the strain), by a more effective screening
(which becomes the main reason for the decrease in Coulomb
scattering) [16]–[18].
To test the previous statement, two types of MOSFET were
simulated. Basically, both devices consist of a low-doped ultrathin silicon layer over a heavily doped substrate, which in
Ge , and in the unstrained case is just
the strained case is Si
Si. In the first case, the epitaxial silicon layer is strained as a
consequence of the different lattice constants of silicon and silicon-germanium, while in the second case, the epitaxial silicon
layer is unstrained, since it is grown on a silicon substrate. In
both cases, the thickness of the epitaxial silicon layer is denoted
cm .
as , and its doping density is set equal to
This means that for the strained-silicon channel case, the low
doped layer exactly coincides with the strained silicon layer.
. The doping
The Ge mole fraction was assumed to be
cm in all
concentration of the substrate was
devices. For the sake of simplicity, we also assumed that the
stepped doping profile was perfectly abrupt. In both devices,
nm, and a -poly gate was asoxide thickness was
sumed.
The width of the depletion region in the centre of the channel
was calculated following the procedure explained in [16]
assuming that drain and source junction depths are 30 nm.
Basically, the same results reported in [16] for conventional-Si
MOSFETs were obtained for the strained-Si case, that is to say,
nm,
the depletion region width remained fixed until
and then increased concomitantly with . In this respect, short
channel effects are under control as in high-uniform-doping
MOSFETs both in the unstrained- and strained-Si cases for
nm.
A. Electron Mobility Curves
Electron mobility curves versus transverse effective field are
plotted in Fig. 4(a) for unstrained-Si devices and in Fig. 4(b)
for strained-Si devices, considering different thicknesses of the
low-doped silicon layer. Typical interface charges were used in
cm for the unstrained-Si MOSeach case:
cm for the superficial strainedFETs [16] and
channel MOSFETs [2]. It is necessary here to
Si/Si Ge
draw the reader’s attention to Curve 1 in Fig. 4(b). This mobility
curve corresponds to a device with a low-doped silicon layer 30
nm thick, grown over a Si Ge substrate that, in this case,
. So, in this case, the thickness
also remains undoped
of the strain silicon layer does not coincide with the thickness of
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Fig. 4. (a) Mobility curves versus effective-electric field at room temperature
for conventional Si with a typical interface-charge concentration of
= 4 10 cm . The different values of used are: (1) , (2) 30 nm,
(3) 10 nm, (4) 0 nm. (b) Mobility curves versus effective-electric field at room
temperature for a superficial strained-Si/Si Ge
channel MOSFETs with
a typical interface-charge concentration of
= 10 cm . The different
values of
used are: (1)
= 30 nm, = , (2)
=
= 30 nm, (3)
=
= 10 nm, (4)
= 30 nm,
= 0 nm. In both figures (
=5
nm,
= 10 cm ,
= 10 cm ).
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the low-doped zone. From the comparison of Fig. 4(a) and (b),
the following facts can be observed.
1) In both devices, electron mobility increases as the low
doped-layer thickness increases, as expected from the
greater separation between inversion charge electrons
and bulk impurities [16].
2) It is also clear that mobility in strained devices [Fig. 4(b))]
is higher than mobility in unstrained ones [Fig. 4(a)]. This
behavior is as expected, due to the reduction in conduction effective mass and the reduction in the intervalley
scattering rate [6], [7].
3) The comparison of Curves 1 and 2 in the two figures
indicates that Coulomb scattering is also reduced in the
strained case (Fig. 4(b)), even when the interface charge
concentration is much higher than in the unstrained case
cm in the strained case versus
(
cm in the unstrained case). As established in
Section II above, this behavior could be also predictable
as a consequence of the more effective screening of the
interface-trapped charge (when they comprise the main
Coulomb scattering source) due to the greater population
within the ground subband in the strained case.
In order to understand, from a physical point of view, the
causes of the Coulomb scattering reduction that is obtained in
strained-Si MOSFETs, we studied the mobility curves of these
devices step by step.
Mobility curves for strained- and unstrained-Si devices for
nm (open squares) and
(solid line) are plotted
in Fig. 5(a), taking into account only the effect of the bulk impurities in the Coulomb scattering rate calculation, that is to say,
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Fig. 5. Mobility curves versus effective-electric field for conventional Si and
superficial strained-Si/Si Ge channel MOSFETs at room temperature. The
mobility curves including Coulomb scattering mechanisms are plotted in open
squares; solid lines show mobility curves with this scattering mechanism off.
= 5 nm,
= 10 cm ,
= 10 cm ,
=
= 30
(
nm). In (a)
= 0 cm . In (b)
(Unstrained) = 4
10
cm ,
(Strained) = 1
10 cm ).

T
N

N

N

2

N
N

T x
2

assuming a null interface charge
. The separation between the two mobility curves (solid and open-squares curves)
is smaller in the strained case. This means that the contribution
of Coulomb scattering in the strained-Si case is lower than in unstrained-Si. This fact can be observed more clearly in Fig. 6(a),
where Coulomb limited mobility was extracted by using the
Mathiessen rule. In Fig. 6(a), we have also added the Coulomblimited mobility curve corresponding to a less strained-sample
in order to observe the gradual effect of the strain
on the Coulomb limited behavior.
Fig. 6(a) only corroborates the results previously obtained
for the interface-trapped charge in Section IIA, but now for the
doping impurity charge. In addition to the well-known fact that
the greater the effective field the greater the Coulomb limited
mobility, as a consequence of the better screening of the charged
centers by the mobile carriers [22], the following conclusions
can be drawn from Fig. 6(a).
1) For a fixed value of the transverse electric field, the
Coulomb limited mobility due to bulk impurities is much
higher in the strained case than in the unstrained one.
As the Germanium mole fraction increases, the higher
band splitting causes the ground subband population
to increase, thus decreasing the number of electrons in
the excited subbands. Therefore, the screening of the
doping impurities (which are now separated from the
carriers) by the mobile carriers will be more effective,
thereby reducing Coulomb scattering and increasing
electron mobility. It is worth stressing this result, since in
nonstepped doping substrate devices, Coulomb-limited
mobility in strained and unstrained silicon channels
almost coincides, as shown above [Fig. 3(b)]. Therefore,
the improvement in Coulomb limited mobility due to the

Fig. 6. Coulomb limited mobility for the same devices as in Fig. 6 at room
= 5 nm,
= 10 cm ,
= 10 cm ,
=
temperature. (
= 30 nm). In (a)
= 0 cm . In (b)
(Unstrained) = 4
10
cm ,
(Strained) = 1
10 cm .

x

T

N

N

N
2

N

N

T
2

strain in this kind of highly-doped substrates is a direct
consequence of the stepped-doping profile.
In order to consider the simultaneous effect of interface-trapped charge and doping impurities, the same mobility
curves shown in Fig. 5(a) are plotted in Fig. 5(b), adding
a typical interface-charge in both types of devices in the
cm
Coulomb scattering rate calculation (
for a conventional-Si MOSFET and
cm
for
MOSFET). Once more, we
a surface strained-Si/Si Ge
obtained the Coulomb limited mobility by using Matthiessen’s
rule [Fig. 6(b)]. Despite the greater interface charge concentration in the strained case, Coulomb limited mobility remains
much higher than in conventional-Si devices. This means
that the mobility enhancement obtained by the improvement
of screening by the strain is much more important than the
reduction that the much greater interface trap concentration of
these devices would produce. In this respect, the use of these
stepped doping profile structures in strained-Si MOSFETs
could be an interesting alternative to support the role they
might play when they are considered as serious alternatives to
conventional-Si CMOS technology.
B. Simulation Results
Device simulations have been performed to show the effect
of the stepped doping profile and the strained Si layer on the
device performance. The mobility data depicted in Fig. 5(b)
has been used in tabulated form in MINIMOS-NT [20]. The
mobility roll-off at small effective field strengths has been neglected in the simulation. Instead, mobility was kept at its maximum value down to zero field in order to extend the mobility
data to the whole field range, which is in qualitative compliance
with analytical surface mobility models [25], [26]. The quantum
correction of Hänsch is employed [27] to ensure a more realistic
distribution of the inversion layer charge in the conventional device simulation.
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show that the measures taken to optimize the on-current degrade
the turn-off behavior of the device only moderately.
IV. CONCLUSION

Fig. 7. Simulated output characteristics for the strained (Si/Si Ge ) and
unstrained channel devices. The parameters of the devices are L = 100 nm,
T
= 2:5 nm, N
= 10 cm , N
= 10 cm , T = x = 30
nm, N (Unstrained) = 4 10 cm , N (Strained) = 1 10 cm .

2

2

We have studied the effect of Coulomb scattering on electron mobility due to both silicon bulk impurities and to the inGe . It has been
terface trapped-charge in strained-Si on Si
demonstrated that strain contributes to enhancing Coulomb limited mobility when charged centers and electrons are physically
separated, since in this way the strain enhances the screening
effect. We have also studied in depth the mobility improvement
obtained in superficial strained-Si devices when a low doped
layer is introduced beneath the oxide in deep-submicron devices. It is shown that this design can enhance the mobility at
low effective fields by reducing Coulomb scattering and therefore taking full advantage of the conduction effective mass and
phonon scattering reduction that can be obtained in strainedSi MOSFETs. Finally, we have seen (by using MINIMOS-NT)
that the use of the low doped silicon layer significantly improves
the drain current while degrade the turn-off behavior of very
short-channel MOSFETs only moderately.
REFERENCES

Fig. 8. Subthreshold characteristics of the simulated devices in Fig. 7.

Fig. 7 shows the simulated output characteristics for the
strained and unstrained channel devices. The parameters of the
nm,
nm, , the thickness
devices are
of the low doped Si layer, equals 30 nm, and for the substrate
cm
is assumed. The on-current at
doping
V of the unstrained device is already as high as 760
A/ m, whereas strain increases this figure up to 820 A/ m.
In Fig. 8 the subthreshold characteristics of the simulated devices are depicted. From these results the subthreshold swing at
V is estimated by
mV/dec, whereas drain
induced barrier lowering (DIBL) is extracted as 52 mV/V at
A/ m. To show the influence of the low doped
Si layer on the turn-off behavior, a device without such layer is
cm both in the channel and the
simulated. That is,
substrate. For this device the extracted parameters are
mV/dec and
mV/V. These comparative simulations

[1] Y. L. Mii, Y. H. Xie, E. A. Fitzgerald, F. A. Don Monroe Thiel, B.
E. Weir, and L. C. Feldman, “Extremely high electron mobility in
Ge structures grown by molecular beam epitaxy,” Appl.
Si/Si
Phys. Lett., vol. 59, pp. 1611–1613, 1991.
[2] J. Welser, J. L. Hoyt, and J. F. Gibbons, “NMOS and PMOS transistors
fabricated in strained silicon/relaxed silicon-germanium structures,” in
Proc. IEDM’92, 1992, pp. 1000–1003.
, “Electron mobility enhancement in strained-Si n-type
[3]
metal-oxide semiconductor field-effect transistors,” IEEE Electron Device Lett., vol. 15, pp. 100–102, Mar. 1994.
[4] A. Sadek, K. Ismail, M. A. Armstrong, D. A. Antoniadis, and F. Stern,
“Design of Si/SiGe heterojunction complementary metal-oxide-semiconductor transistors,” IEEE Transac. Electron Devices, vol. 43, pp.
1224–1232, Aug. 1996.
[5] T. Vogelsang and K. R. Hofmann, “Electron transport in strained Si
layers on Si
Ge substrates,” Appl. Phys. Lett., vol. 63, pp. 186–188,
1993.
[6] J. B. Roldán, F. Gámiz, J. A. López-Villanueva, and J. E. Carceller, “A
Monte Carlo study of the electron-transport properties of high-perforGe channel MOSFETs,” J. Appl.
mance strained-Si on relaxed Si
Phys., vol. 80, pp. 5121–5128, 1996.
[7] F. Gámiz, J. B. Roldán, J. A. López-Villanueva, and P. Cartujo,
“Coulomb scattering in strained-silicon inversion layers on Si
Ge
substrates,” Appl. Phys. Lett., vol. 69, pp. 797–799, 1996.
[8] G. Abstreiter, H. Brugger, and T. Wolf, “Strain-induced two-dimensional electron gas in selectively doped Si/Si
Ge superlattices,”
Physic. Rev. Lett., vol. 54, pp. 2441–2444, 1985.
[9] R. People and J. C. Bean, “Band alignments of coherently strained
/Si heterostructures on 001 Ge Si
substrates,” Appl.
Ge Si
Phys. Lett., vol. 48, pp. 538–540, 1986.
[10] H. Miyata, Y. Tosheshige, and D. K. Ferry, “Electron transport properties
of a strained Si layer on a relaxed Si
Ge substrate by Monte Carlo
simulation,” Appl. Phys. Lett., vol. 62, pp. 2661–2663, 1993.
[11] T. Yamada, J. Zhou, H. Miyata, and D. K. Ferry, “In-plane transport
properties of Si/Si
Ge structure and its FET performance by
computer simulation,” IEEE Trans. Electron Devices, vol. 41, pp.
1513–1522, Sept. 1994.
[12] A. Abramo, J. Bude, F. Venturi, and M. R. Pinto, “Mobility simulation
in Si/SiGe heteroestructure FETs,” IEEE Electron Device Lett., vol. 17,
pp. 59–61, Feb. 1996.
[13] G. Shahidi, B. Davari, T. Bucelot, P. A. Ronsheim, P. J. Coane, S. Pollack, C. R. Blair, B. Clark, and H. H. Hansen, “Indium channel implant
for improved short channel behavior of submicrometer NMOSFETs,”
IEEE Electron Device Lett., vol. 14, pp. 409–411, Aug. 1993.

h i

1884

[14] G. Shahidi, D. A. Antoniadis, and H. I. Smith, “Electron velocity
overshoot at room and liquid-nitrogen temperatures in silicon inversion
layers,” IEEE Electron Device Lett., vol. 9, pp. 94–96, Feb. 1988.
[15] M. Aoki, T. Ishii, T. Yoshimura, Y. Kiyota, S. Iijima, T. Yamanaka, T.
Kure, K. Ohyu, T. Nishida, S. Okasaki, K. Seki, and K. Shimohigashi,
“Design and performance of 0.1 m CMOS devices using low-impuritychannel transistors (LICT),” IEEE Electron Device Lett., vol. 13, pp.
50–52, Jan. 1992.
[16] J. A. López-Villanueva, F. Gámiz, J. B. Roldán, Y. Ghailan, and J. E. Carceller, “Study of the effects of a stepped doping profile in short-channel
MOSFETs,” IEEE Trans. Electron Devices, vol. 44, pp. 1425–1431,
Sept. 1997.
[17] D. Vasileska and D. K. Ferry, “Scaled silicon MOSFETs: Universal mobility behavior,” IEEE Trans. Electron Devices, vol. 44, pp. 577–583,
Apr. 1997.
[18] D. Vasileska, P. Bordone, T. Eldridge, and D. K. Ferry, “Quantum transport calculations for silicon inversion layers in MOS structures,” Phys.
B, vol. 227, no. 1–4, pp. 333–335, 1996.
[19] J. B. Roldán, F. Gámiz, J. A. López-Villanueva, and J. E. Carceller,
Ge
“Understanding the improved performance of strained-Si/Si
channel MOSFETs,” Semicond. Sci. Technol., vol. 12, pp. 1603–1608,
1997.
[20] T. Simlinger, H. Brech, T. Grave, and S. Selberherr, “Simulation of
submicron double-heterojunction high electron mobility transistors
with MINIMOS-NT,” IEEE Trans. Electron Devices, vol. 44, pp.
700–707, May 1997.
[21] F. Gamiz, J. A. López-Villanueva, J. A. Jiménez-Tejada, and A. Palma,
“A comprehensive model for Coulomb scattering in inversion layers,”
J. Appl. Phys., vol. 75, pp. 924–934, 1994.
[22] F. Gamiz, J. A. Lopez-Villanueva, J. Banqueri, J. E. Carceller, and P. Cartujo, “Universality of electron mobility curves in MOSFETs: A Monte
Carlo study,” IEEE Trans. Electron Devices, vol. 42, pp. 258–265, Feb.
1995.
[23] F. Gámiz, J. A. López-Villanueva, J. Banqueri, Y. Ghailan, and J. E.
Carceller, “Oxide charge space correlation in inversion layers II. Threedimensional oxide charge distribution,” Semicond. Sci. Technol., vol. 10,
pp. 592–600, 1995.
[24] J. A. López-Villanueva, I. Melchor, P. Cartujo, and J. E. Carcerller,
“Modified Schroedinger equation including nonparabolicity for the
study of a two-dimensional electron gas,” Phys. Rev., vol. B48, pp.
1626–1631, 1993.
[25] S. Selberherr, W. Hansch, M. Seavey, and J. Slotboom, “The evolution
of the MINIMOS mobility model,” Solid State Electron., vol. 33, pp.
1425–1436, 1990.
[26] C. Lombardi, S. Manzini, A. Saporito, and M. Vanzi, “A physically
based mobility model for numerical simulation of nonplanar devices,”
IEEE Trans. Computer-Aided Design, vol. 7, pp. 1164–1171, Nov. 1988.
[27] W. Hansch, Th. Vogelsang, R. Kircher, and M. Orlowski, “Carrier transport near the Si/SiO interface of a MOSFET,” Solid State Electron.,
vol. 32, pp. 839–849, 1989.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 9, SEPTEMBER 2001

Francisco Gámiz (M’91) received the M.S. degree
in physics and the Ph.D.degree from the University
of Granada, Granada, Spain, in 1991 and 1994, respectively.
Since 1991, he has been working on the characterization of scattering mechanisms and their influence
on the transport properties of charge carriers in
semiconductor heterostructures. He has studied
electron mobility in silicon inversion layers by
Monte Carlo method. His current research interest
includes the effects of many-carriers on the electron
mobility and the theoretical interpretation of the influence of high longitudinal
electric fields have on the electric properties of MOS transistors. Current
interests are also related to SiGe and SiC, and SOI devices, and quantum
transport. He has coauthored more than 60 refereed papers in all these subjects.
In 1999, he was Visiting Researcher at the IBM T. J. Watson Research Center,
Yorktown Heights, NY. Since 1995, he has been an Associate Professor at the
University of Granada.

Juan B. Roldán received the M.S. degree in physics and the Ph.D. degree from
the University of Granada, Granada, Spain, in 1993 and 1997, respectively.
Since 1993, he has been working on the MOS device physics including 2-D
transport, nonlocal effects, drift-diffusion, and Monte Carlo simulations. He has
also been working on modeling transport effects of deep submicron devices such
as velocity overshoot effects, mobility, etc. Current interests are also related to
SiGe, SiC, and SOI devices. He is an Associate Professor at the University of
Granada.

Hans Kosina (S’89–M’93) received the “Diplomingenieur” degree in electrical engineering and the
Ph.D. degree in technical sciences from the Technical University of Vienna, Vienna, Austria, in 1987
and 1992, respectively, and the “venia docendi”
degree in microelectronics in 1998.
In 1988, he joined the Institute for Microelectronics, Technical University of Vienna, where he is
an Associate Professor. His current research topics
include modeling of carrier transport and quantum
effects in semiconductor devices, development of
novel Monte Carlo algorithms, and computer aided engineering in ULSI-technology.

Tibor Grasser was born in Vienna, Austria, in 1970. He received the Dipl.Eng.
and Ph.D. degrees from the Technical University of Vienna, Vienna, Austria, in
1995 and 1999, respectively.
He joined the Institute for Microelectronics, Technical University of Vienna,
in April 1996. His current scientific interests include circuit and device simulation, device modeling, and physical aspects in general.

