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Role of Carrier Transport in Source and Drain
Electrodes of High-Mobility MOSFETs

Hideaki Tsuchiya, Senior Member, IEEE, Akihiro Maenaka, Takashi Mori, and Yusuke Azuma

Abstract—We have studied the performance potentials of I11-V
semiconductors and Ge n-channel MOSFETs based on a
quantum-corrected Monte Carlo device simulation. We found
that as a ballistic limit is approached, III-V MOSFET: lose their
inherent advantage over Si and Ge MOSFETSs because current
enhancement due to ballistic transport becomes less effective than
in Si and Ge channels. However, a high source and drain doping
concentration was found to greatly improve the performance of
III-V MOSFETs by reducing parasitic resistance and the
mitigation of ‘source starvation’ attributed to the low
density-of-states.

Index Terms—High mobility MOSFETs, ballistic transport,
parasitic resistance, source starvation, Monte Carlo simulation

I. INTRODUCTION

he remarkable advancement of LSI circuit technology has
been primarily based on the downsizing of MOSFETs.
However, in the present post-scaling era, downsizing has
become less effective because conventional Si CMOS scaling
has been reaching its fundamental limits. As a new challenge,
the application of high mobility materials such as II-V
semiconductors and Ge to MOSFET channels is expected to
achieve better device performance without miniaturization [1].
To clarify the advantages of introducing high mobility
materials into MOSFET channels, we have developed a
quantum-corrected Monte Carlo device simulator (MONAQO)
that considers the material bandstructure, scattering processes
and quantization in the inversion layer [2,3]. Using MONAQO,
we have demonstrated that the introduction of an
ultrathin-body (UTB) structure is indispensable for minimizing
short channel effects and enhancing the current drive in III-V
MOSFETs, since the electron wave-functions spread deeply
into the substrate region due to the small quantization mass [2].
Thus, we employ a UTB structure in this paper and evaluate the
on-current properties of high mobility MOSFETs based on
MONAQO, taking particular interest in a comparison with Si
MOSFETs. We demonstrate that a high source and drain (S/D)
doping concentration is needed for III-V MOSFETs to
outperform Si and Ge MOSFETs definitely, which is crucial
particularly in the quasi-ballistic regime.
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II. SIMULATION MODEL

Table 1 shows the band parameters used in the simulation. It
is well known that in III-V materials and Ge, electron transfer
to the higher valleys with a heavier transport mass degrades the
device performance significantly [1]. Therefore, the energy
differences between the lowest and higher valleys (4Er, AELr
and 4E x) are important physical parameters. Note also that the
nonparabolicity of the I" valley is the largest for Ing 53Gag 47As,
which may be disadvantageous for rendering a higher carrier
velocity. The device structure is shown in Fig. 1, where we
employ a UTB structure with a Si-layer thickness of 5 nm. A
Ge (111) surface orientation [1,2,3] and strained-Si channels
under 1% biaxial and uniaxial tensile strains are also
considered. The band-edge energy variation due to the biaxial
(uniaxial) strain was given by 4E; = -0.25eV (-0.125¢V) and
AE4 = -0.04eV (-0.016eV) for the 2-fold and 4-fold valleys,
respectively [4]. The effective mass variation due to the
uniaxial tensile strain was taken into account based on a
first-principles bandstructure calculation [5]. We considered
impurity and phonon scatterings in the simulation [2,3], while
roughness and electron—electron scatterings are ignored to
evaluate the intrinsic device performance of each material. For
impurity scattering, we considered Fermi—Dirac statistics to
calculate the screening length, which is particularly important
for III-V materials [6]. The electrical characteristics were
simulated by MONAQO [2,3,7], which incorporates a quantum
correction of the potential represented in the form of a
density-gradient, the validity of which has been demonstrated
by a comparison with the Schrédinger—Poisson solution for
inversion-layer electrons [7].

Si Ge GaAs InP [ Iny5,Gag ,,As
mobility (cm2V-'s)| 1600 3900 9200 | 5400 25000
mass () - 0.037 0.063 | 0.082 0.046
mass my (mo) 0.19 0.29 - - -
(X) m, (mg) 0.98 1.35 - - -
mass| M, (mg) - 0.082 0.127 | 0.153 0.125
L) | mmy) - 1.59 1.538 | 1.878 1.552
nonparabolicity a [ 0.5 (X) (L(,)'I'G,SX) (1)18 gB 8% %B 81? EB
AE [ (eV) — - 0.323 | 0.832 0.723
AE | AE 4 (eV) - ]|0.14/0.18| - - =
permittivity &, 11.9 16.0 12.9 12.6 14.1
E; of S/D (eV) 0.064 0.131 0.274 | 0.326 0.576

Table 1. Parameters used in the simulation. Fermi energies (E) corresponding
to the S/D donor concentrations Np = 1x10?° ¢cm™ for Si and Ge and Np =
2x10" cm™ for I1I-V materials are also indicated.
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Fig. 1. Device model used in the simulation, where a UTB structure and
intrinsic channel are employed.

The solid solubility of donors in III-V semiconductors is
limited to less than or comparable to 2x10" cm™ [8]. So, we
assigned Np = 2x10" ecm™ for I1I-V materials and a higher
value of Np = 1x10% cm™ for Si and Ge. While implant-free
devices are of current interest, implanted devices including
regrown source are also subject to active research [6,9,10]. We
further point out that the Fermi energies of high mobility
materials are much higher than that of Si [8], comparable to
AEr. and AFE;x. Therefore, a certain number of electrons
already populate the higher valleys inside the S/D region and
affect the device performance under ballistic transport [3].

III. CURRENT DRIVE OF II1I-V UTB MOSFETS

Figure 2 shows the channel length dependences of the
on-current for all channel materials computed at (a) V-V, =
0.3 V and (b) 0.7 V. The drain voltage V}, is set sufficiently
small (0.5 V), thus band-to-band tunneling considered in [11]
was ignored in this study. In Fig. 2(b), the GaAs channel
degrades due to the Gunn effect. In the figures, ballistic-limit
data for each material are also plotted as B. L., which were
obtained by Monte Carlo simulations ignoring any scattering
processes in the channel region. This gives the ideal device
performance of the MOSFET, which has been shown to yield
an equivalent result to Natori’s model [12]. Although some
revisions may be needed for nanoscale devices [6], we use here
the above qualitative guideline to understand the ballistic limit.
First, as Fischetti and Laux pointed out for sub-0.1-pum devices
[8], the current drive of a device appears to be largely
independent of the material, with the exception of In-based
materials, even for the channel lengths of several tens of
nanometers. However, it should be noted that the advantage of
In-based materials decreases as the ballistic limit approaches,
because ballistic transport is more effective in group IV
materials. In other words, II-V MOSFETs are already
quasi-ballistic in the present channel lengths. Incidentally, the
calculated current drive in Fig. 2 is higher than that of the
corresponding experimental results, because roughness
scattering is ignored in the present calculation.

To understand such a limited performance enhancement in
IT1I-V MOSFETs, we discuss the role of carrier transport in the
source and drain electrodes. First, to recognize the influence of
the lower S/D donor concentration in III-V MOSFETs, we plot
potential energy profiles in Fig. 3 for (a) Si, (b) biaxial
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Fig. 2. Channel length dependences of on-current for all channel materials,
where (a) Vg-Vu = 0.3 V and (b) 0.7 V. Vp = 0.5 V. B. L. represents
ballistic-limit data. The degradation of the GaAs channel in (b) is due to the
Gunn effect.

strained-Si, (¢) Ge (111) and (d) InP channels, where the results
for each valley are also plotted. As shown by the solid lines in
Fig. 3(d), a large potential drop appears in the drain region of
the InP-MOSFET, which represents significant parasitic
resistance owing to the lower donor concentration and
intensified optical phonon scattering in the drain region. As a
result, the channel electrical field decreases.

We next increased the S/D donor concentration in the I1I-V
MOSFETs up to Np = 1x10%° cm’S, as a trial. Such a high donor
concentration has been reported to be possible for InP using
Te-doping [13] and Si-doping [14]. The potential profiles for
such heavily-doped S/D are also plotted in Fig. 3(d) by the
dashed lines. Although the potential barrier height at the source
junction increases due to the increased Fermi energy of the
source, the parasitic resistance is found to be ideally reduced by
heavy doping. Further, Fig. 4 compares (a) averaged electron
velocity and (b) sheet electron density between the lightly
doped (Np = 2x10" cm™) and heavily doped S/D (Np = 1x10%
cm™). Unexpectedly, the averaged velocity inside the channel
is almost unchanged, as shown in Fig. 4(a). This is due to the
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Fig. 3. Potential energy profiles for each valley in (a) Si, (b) biaxial strained-Si,
(c) Ge (111) and (d) InP channels at V-V, =0.3 V and V', =0.5 V, where L., =
50 nm. Note that the quantum correction of the potential is included for each
valley and thus the lowest valley is located above the conduction band-edge E..
In (d), the results for heavily-doped S/D are also plotted by dashed lines.
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Fig. 4. Comparison of (a) averaged electron velocity and (b) sheet electron
density profiles of InP-MOSFET between lightly-doped and heavily-doped
S/Ds, where Lo, = 50 nm, V-V = 0.7 V and Vp = 0.5 V. ‘Source starvation’
appears in the lightly-doped source in (b). In (c), the averaged velocities are
compared between various semiconductor channels.

fact that acceleration due to the enhanced channel field is offset
by a reduction in the injection velocity from the source due to
the increased impurity scattering. On the other hand, the sheet
electron density inside the channel increases, as shown in Fig.
4(b). This is because the inability of the lightly-doped source to
sustain a large flow of ballistic carriers heading into the channel,
termed ‘source starvation’ [6,10], is avoided in the
heavily-doped source which supplies more carriers that can be
scattered due mainly to impurities and redistributed into the
channel direction. In Fig. 4(c), we compare average electron
velocities between Si, uniaxial strained-Si, Ge (111) and III-V
MOSFETs, highlighting the high-speed capability of III-V
MOSFETs, In-based materials in particular.

Due mainly to the lack of source starvation in heavily-doped
S/D [6,10], the current drive of III-V MOSFETs significantly
increases, as shown in Fig. 5. In particular, heavily-doped III-V
MOSFETsS can provide about 1.5 times the current drivability
of Si-based MOSFETs even at the ballistic limit.

IV. CONCLUSION

For III-V MOSFETs to definitely outperform Si and Ge
MOSFETs under quasi-ballistic transport, a high source and
drain doping concentration is required because the parasitic
resistance in drain and source starvation impede the high
mobility materials providing a higher current drive. Our Monte
Carlo simulation showed that if a heavily-doped source and
drain can be achieved, III-V MOSFETSs can provide at least 1.5
times the current drivability of Si-based MOSFETSs even for the
channel lengths of several tens of nanometers.
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