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Gerhard Klimeck, Senior Member, IEEE, and Mark S. Lundstrom, Fellow, IEEE

Abstract—This paper examines the impact of band structure
on deeply scaled III-V devices by using a self-consistent 20-band
sp3d®s*-SO semiempirical atomistic tight-binding model. The
density of states and the ballistic transport for both GaAs and InAs
ultrathin-body n-MOSFETs are calculated and compared with the
commonly used bulk effective mass approximation, including all
the valleys (I', X, and L). Our results show that for III-V semi-
conductors under strong quantum confinement, the conduction
band nonparabolicity affects the confinement effective masses and,
therefore, changes the relative importance of different valleys. A
parabolic effective mass model with bulk effective masses fails to
capture these effects and leads to significant errors, and therefore,
a rigorous treatment of the full band structure is required.

Index Terms—Band structure, effective mass, injection velocity,
MOSFETs, nonparabolicity, quantum confinement, tight binding
(TB), ultrathin body (UTB), ITI-V.

I. INTRODUCTION

VER THE past decades, CMOS technology has been

largely geared toward improving MOSFET performance
and increasing device density through aggressive scaling of
their feature sizes. For present-day very large scale integration
technology at the 65-nm node and beyond, power consumption
has become the bottleneck for further scaling. To circumvent
this limitation, new device structures and materials are being
pursued. New channel materials, such as Ge and III-V semicon-
ductors, are being investigated as high-mobility channel materi-
als for high-performance CMOS with novel process techniques
such as atomic layer deposition, high-x dielectrics, and metal
gates [1].

The theoretical study of quasi-ballistic devices with new
channel materials is a challenge because quantum effects be-
come important in thin inversion layers, and they must be
treated together with band structure and electrostatics. The
effective mass approximation (EMA) has been widely used to
study transport in these nanoscale devices with Si, Ge, and
alternative channel materials and various surface/transport ori-
entations, both in the ballistic limit [2]-[7] and in the presence
of carrier scattering [8]. Recent work has shown that using
the bulk effective masses is reasonably accurate for silicon
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Fig. 1. DG-UTB device structure simulated in this paper. The transport,
width, and wafer orientations are along the X -, Y-, and Z-axes, respectively.

n-MOSFETs with an ultrathin body (UTB) [9], [10]. It is still
not clear, however, whether bulk effective masses can still
be used for III-V UTB structures. It has long been known
for high-bias quantum-effect-dominated devices, such as high-
performance resonant tunneling diodes in III-V materials, that
effective mass calculations cannot lead the accurate perfor-
mance analysis and prediction [11]. A tight-binding (TB) model
that captures band nonparabolicities, band-to-band coupling,
and states throughout the Brillouin zone was needed to predict
and explain current flow through room temperature, high cur-
rent density, and high-bias RTDs [11]. By adopting a 20-band
sp>d®s*-SO semiempirical atomistic TB model with a self-
consistent Poisson solver, we explore in this paper the band-
structure effects on the ballistic performance of GaAs and InAs
n-MOSFETs with a UTB structure and compare the results
with the bulk EMA. Our results show that the nonparabolicity,
which shifts the subband-energy levels and changes the in-
plane effective masses, becomes important for the III-V UTB
structures where quantum confinement is strong and affects the
relative importance of different valleys (I', X, and L). As a
result, the use of bulk effective masses in III-V MOSFETs can
lead to large errors.

This paper is organized as follows. Section II illustrates
the nonparabolicity in the band structure for GaAs/InAs UTB
structures with a TB approach. In Section III, quantities related
with ballistic transport, such as drain—current, inversion charge,
and injection velocities, are calculated self-consistently with the
TB band structure; the results are then compared and discussed
with those achieved through the parabolic bulk effective mass
approach. Section IV summarizes this paper.

II. NONPARABOLICITY IN III-V UTB BAND STRUCTURES

The simulated device with symmetrical double-gate (DG)
and intrinsic UTB is shown in Fig. 1. The transport, transverse,

0018-9383/$25.00 © 2008 IEEE



LIU et al.: BAND-STRUCTURE EFFECTS ON THE PERFORMANCE OF III-V ULTRATHIN-BODY SOI MOSFETs

1117

TABLE 1
(a) TRANSPORT, TRANSVERSE, AND CONFINEMENT EFFECTIVE MASSES AND SUBBAND DEGENERACIES OF (100)/(100) III-V n-MOSFETSs
FROM THE BULK PRINCIPAL EFFECTIVE MASSES FOR EACH VALLEY. (b) NUMERICAL VALUES OF THE TRANSPORT,
TRANSVERSE, AND CONFINEMENT EFFECTIVE MASSES AND SUBBAND DEGENERACIES OF (100)/(100) n-MOSFETSs
FOR GaAs AND InAs FROM THE BULK PRINCIPAL EFFECTIVE MASSES FOR EACH VALLEY

Valley | g my my m;
I 1 mp my. my
X; 1 My my, My,
X 1 My My my,
1 My my, My,
|4 e | e | S
(a)
GaAs InAs
Valley el My ny m; Valley g My my m,
r 1 0.0670 | 0.0670 | 0.0670 r 1 0.0239 | 0.0239 | 0.0239
X 1 0.2300 | 0.2300 | 1.3000 X 1 0.2300 | 0.2300 | 1.3000
X 1 0.2300 | 1.3000 | 0.2300 X 1 0.2300 | 1.3000 | 0.2300
1 1.3000 | 0.2300 | 0.2300 1 1.3000 | 0.2300 | 0.2300
L 4 0.1425 | 0.6836 | 0.1109 L 4 0.1425 | 0.6836 | 0.1109
(b)
and wafer orientations are along the X-, Y-, and Z-axes, re- ,x10"°
spectively. The 2-D band structures for III-V channel materials —TB
of GaAs and InAs are calculated by using a semiempirical o |---Bulkmg
TB model, where 20 orbitals consisting of an sp3d’s* basis 5 4
with spin—orbit coupling are used to represent each atom along %
the body thickness in the UTB Hamiltonian [12]-[15]. The §
TB coupling parameters have been optimized to accurately a T Fvalley
reproduce the bandgap and the effective masses of the bulk Q /
material [13], [14]. A hard wall boundary condition at the \ .
top and bottom interfaces is applied by removing the dangling 95 16 1.7 1.8 1.9 2
bonds with a technique similar to hydrogen passivation of Energy [eV]
Si—SiOs interfaces [16]. Two different body thicknesses are 05k ’ ) /N
chosen for GaAs in this paper: tqaas = 5.5 and 2.6 nm, which : L valley
are the 2016 and 2020 International Technology Roadmap
for Semiconductors technology nodes, respectively [17]. For 2 0 T —
InAs, we study only t1,as = 2.6 nm for which the differences E Fvalley
between the TB and bulk EMA approaches are large. =~ o5t [I'valley ]
The band structure and the density of states (DOS) of III-V Xz Vaﬂey\
UTB with (100) confinement direction are first calculated for a ) ]
thin film at V; = 0, i.e., a flatband condition. The TB param- 1 16 1.7 1.8 1.9 2
eters and the bulk effective masses that we use for GaAs and Energy [eV]

InAs in this paper are from [14]. The bandgaps for GaAs and
InAs are 1.424 and 0.37 eV, respectively. For comparison, we
also calculate the DOS using the parabolic effective mass model
with bulk effective masses taken from the same TB model. The
transport, transverse, and confinement effective masses (see
[18] and [19]) with the corresponding bulk values for each
valley are listed in Table I(a) and (b).

The computed DOS and E — k are shown in Figs. 2 and 3
for the two GaAs thin films of 5.5 and 2.6 nm, respectively.
For the thicker body ({Gaas = 5.5 nm), both the TB and bulk
EMA approaches show that the I' valley has the smallest DOS
effective mass and the lowest energy. For the tgaas = 2.6-nm
structure for which quantum confinement is stronger, the bulk
EMA shows that X valley is the lowest in energy because the
I" valley subband increases with strong quantum confinement.
The TB results, however, predict that the I" valley is still the

Fig. 2. DOS (TB and bulk EMA) and band structure (TB) calculated for
tgaAs = 5.5-nm UTB. Both the TB and the bulk EMA show that the I" valley
has the smallest DOS effective mass and the lowest energy. The bulk conduction
band edge is at 1.424 eV.

lowest in energy. Similar results are observed in the InAs thin
film in Fig. 4, where the differences between the TB and bulk
EMA approaches are even larger. For t1,a5 = 2.6 nm, the T’
valley is the lowest in energy according to TB, but the bulk
EMA shows the L valley as the lowest in energy.

The discrepancy between the TB and bulk EMA results
shown in Figs. 2—4 is due to the nonparabolicity of the I" valley
in GaAs and InAs. The T" valley confinement effective masses
(m.), as deduced from the TB calculations, are plotted as a
function of the thin-film thickness in Fig. 5. For both GaAs and
InAs, we observe that m, increases as the UTB gets thinner.
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Fig. 3. DOS (TB and bulk EMA) and band structure (TB) calculated for
tGaAas = 2.6-nm UTB. The TB results show that the I" valley is still the most
important, whereas the bulk EMA show that the X; valley becomes the most
important with strong quantum confinement.
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Fig. 4. DOS (TB and bulk EMA) and band structure (TB) calculated for
tinAs = 2.6 nm UTB. The TB model shows that the I" valley still dominates the
transport, whereas by the bulk EMA model, the L valley is the most important.
The bulk conduction band edge is at 0.596 eV.

As aresult, the I" valley subband-energy levels do not increase
as much as would be expected from a parabolic effective mass
model. The confinement effective mass m, converges to the
bulk values when the film thickness gets to less than 30 nm.
The conclusion is that the I' valley subbands are the most
important for even very thin III-V films—in sharp contrast
to the predictions of the bulk EMA. These results have a
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Fig. 5. Confinement effective mass m_ of the I" valley as a function of the
thin-film body thickness for GaAs and InAs. For both semiconductor materials,
m increases significantly as the body thickness decreases.

substantial effect on the predicted /-V characteristics of III-V
MOSFETs.

III. DEVICE PERFORMANCE AND DISCUSSION

The effect of conduction band nonparabolicity on the bal-
listic -V characteristics of III-V UTB SOI (100)/(100)
n-MOSFETs is studied in this section. The band structure
of GaAs/InAs UTB n-MOSFETs is first calculated self-
consistently versus gate voltage by coupling the TB model
and the Poisson equation. The ballistic -V characteristic is
then calculated by using a semiclassical FET model at the top
of the barrier [20]. Specifically, the group velocity of each
state is calculated from the tabulated TB E — k data of the
UTB, and the carrier density is then evaluated by assuming
that the states with a positive (negative) group velocity are in
equilibrium with the source (drain) reservoir. The drain—current
is then readily obtained by taking the difference between the
source and drain fluxes, and the inversion charge is determined
by summing up the carriers injected from the source and the
drain. For comparison, we also calculate the ballistic /-V char-
acteristics using a parabolic E — k with bulk effective masses.
The symmetric, DG, and intrinsic body III-V UTB n-MOSFET
device simulated in this paper has an EOT = tgj0, = 0.5 nm,
with Vpp = 0.8 V for tgaas = 5.5 nm and Vpp = 0.5 V for
LGaAs/mnAs = 2.6 nm separately. For both body thicknesses,
Iorr is adjusted to 0.11 pA/pm in TB by varying the gate
work functions, and the Fermi level in the bulk EMA is fixed
the same with the TB for a direct comparison. All simulations
are assumed to be at 300 K.

Fig. 6(a)—(d) shows the computed ballistic current, charge
density, and injection velocities for tgaas = 5.5 nm. Due to the
small effect of nonparabolicity in this relatively thick body, the
use of bulk effective masses gives reasonably accurate results as
compared with the TB model. A shift in the threshold voltage
is observed between the TB and the bulk EMA, which arises
from the increase in the confinement effective mass in the I'
valley by TB, as it was observed in Fig. 5. The computed band
structure and the DOS at Vg = 0.65 V, where N;,, = 0.98 x
10'3 /cm? by TB model, are shown in Fig. 7. The location of
the Fermi level shows that the I" valley dominates the device
performance, but the heavier L valley is also beginning to be
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(a) and (b) Self-consistent results of the -V, (c) charge density, and (d) ballistic injection velocity for tgaas = 5.5 nm, calculated by the TB model and

the bulk EMA. The bulk EMA gives reasonably accurate results compared with the TB due to the small nonparabolicity.
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Fig. 7. Band structure and DOS for tgaas = 5.5 nmat Vg = 0.65 V. The I'
valley is shown to be the most important in transport. At deep inversion, the L
valleys begin to conduct carriers and lead to a decrease in the injection velocity.

populated. For thinner bodies, we expect to see more significant
difference between the TB and the EMA approaches.

Fig. 8(a)—(d) shows the computed current, charge density,
and injection velocities for the thin-body GaAs structure. Very
substantial (more than a factor of two in some cases) differences
between the TB and the effective mass models are observed.
With a bulk effective mass model, the I" valley subband energy
is higher than the X; subbands, which makes the X; subbands
dominant in transport. The TB model, however, predicts that the
I" valley dominates. The difference between the two models is

most clearly shown in Fig. 8(d), which compares the injection
velocities versus the charge density. Fig. 9 shows the valley
population versus the charge density for the TB and EMA
approaches. Fig. 9(a) shows the importance of X; subbands
for the effective mass model, whereas Fig. 9(b) shows that
in the TB model, the I" valley dominates until the L valleys
begin to conduct under a very strong inversion. This is also
shown in Fig. 10, which plots the DOS and the band structure
atVg =05V.

Finally, it is interesting to ask whether an effective mass
model with appropriate body-thickness-dependent effective
masses could be used. From the energy independence in the
DOS in Fig. 7, we observe that the subband formed from the I'
valley is quite parabolic in the k,—k, plane (although the con-
finement effective mass m, changes due to the nonparabolicity
in the bulk band structure), which enables us to extract fairly ac-
curate in-plane effective masses (m,, m,,) by fitting a parabola
from the bottom of the band to the energy at the Fermi level.
These extracted effective masses (m,,m,, m.) for the UTB
are then used to recalculate the ballistic /-V characteristics,
and the results are shown in Fig. 8(a)—(d) in squares. The results
match with those by TB quite well, indicating that a thickness-
dependent effective mass model can be used for device analysis
of GaAs UTB structures. For each structure, however, one first
needs to compute the band structure and extract the effective
masses.

The InAs UTB n-MOSFET was also explored. As discussed
earlier, according to the effective mass model with bulk ef-
fective masses, the I' valley energy increases so much that it
becomes irrelevant. The TB model, however, shows that the
confinement effective mass increases significantly so that the
subbands formed from the I" valley remain the most important
even under high injection. Fig. 11(a)—~(d) shows the ballistic
I-V results for tinas = 2.6 nm. It is seen that the use of
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the bulk EMA. The bulk EMA results differ from those of the TB significantly due to the large nonparabolicity in the I" valley in the thin film.

100

‘n—AM
< 80
> [T Bulk EMA
é‘ 60 ﬁerX1
©
2 4o0foX,
3 =L tGaas=2-6nm
OC 20
@) ] )
1010 1011 1012 1013
Ninv [em™]
100 e o
9,
= 80 AN
= T TB %
§ 60p =X, &\a
© —
S 40X, tGaas—2-6Nm )ZE
g a-L E(JZ
20p J
1) _ g
10‘10 1011 1012 1013
Niny [em™]

Fig. 9. Different valley occupancies as a function of the channel density by
(a) the bulk EMA and (b) the TB model. The I' valley subbands remain the
most important in transport due to the large nonparabolicity effects.

bulk effective masses leads to large errors as compared with
the TB results. The threshold voltage by the EMA is more
than 1 V higher than that by the TB, which is shown in
Fig. 11(a) and (b). According to the bulk EMA, the device
is not even turned on at Vg = Vpp = 0.5 V. Furthermore,
since the heavy L valley dominates the transport in bulk EMA
model, the carrier injection velocity is much smaller than the
TB results. We can, however, extract the confinement effective
mass (from the TB subband-energy level with no gate bias) and

2x10"
—TB _
o |--Bukm,, tgaas—2.6nm
=L 2 V.=
[ G
o
o | v i
o 4 X, valley
S |\rvalley / g ——
S y/, Ly
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Energy [eV]
0.5¢ /‘X
L valley
<
34
< g [Valley X valley _
' X, valleyl
Ep N
937 1.5 1.6 1.7 1.8
Energy [eV]

Fig. 10. Band structure and DOS for tgaas = 2.6 nmat Vg = 0.5 V. The I"
valley is shown to be the most important in transport by the TB, but the bulk
EMA predicts that the X; valleys have more importance.

the in-plane effective masses (by fitting the bottom of the TB
band structure with a parabola) of the I' valley. The results,
which are shown as squares in Fig. 11(a)—(d), match with the
TB well, except for divergence of the injection velocity under
strong inversion. The smaller injection velocity of the TB model
is a result of the increased transport mass caused by the in-
plane nonparabolicity. This effect is also seen in the DOS plot
at Vg = 0.5 V, as shown in Fig. 12. Therefore, a parabolic
effective mass should not be used for InAs.
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Fig. 12. DOS and band structure for ¢t;,as = 2.6 nm at Vg = 0.5 V by the
TB. Large in-plane nonparabolicity is observed in the I" valley subbands, with
the slope in the 2-D DOS plot.

IV. CONCLUSION

In this paper, we examined the question of how band struc-
ture affects the performance of the III-V UTB n-MOSFETs.
We used an sp3d®s* TB model and compared the results to
a parabolic effective mass model with effective masses taken
from the bulk. We found that for UTB structures with III-V
channel materials, nonparabolicity in the I' valley plays an im-
portant role and significantly affects the device performance by
changing the relative importance of different valleys. The use of

bulk effective masses in a [I[I-V UTB MOSFET overestimates
the importance of the X; and L valleys, whereas a significant
T" valley population is, in fact, observed in the TB calculations.
Bulk effective masses should, therefore, never be used in the
analyses of III-V UTB. As an alternative, thickness-dependent
effective masses may be used. This works well for GaAs, but in-
plane nonparabolicity is important for InAs and is not captured
by such a model. The use of a rigorous band structure may
be important to quantitatively assess the performance of III-V
MOSFETs.
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