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Computational Study on the Performance of Si
Nanowire pMOSFETs Based on the k · p Method

Mincheol Shin, Sunhee Lee, and Gerhard Klimeck

Abstract—Full-quantum device simulations on p-type Si
nanowire field-effect transistors based on the k · p method, us-
ing the k · p parameters tuned against the sp3s∗ tight-binding
method, are carried out. Full transport calculations from both
methods agree reasonably well, and the spin-orbit coupling effect
is found to be negligible in the final current–voltage characteris-
tics. Use of the highly efficient simulator based on the 3 × 3 k · p

Hamiltonian is therefore justified, and simulations of nanowire
devices with cross sections from 3 × 3 nm2 up to 10 × 10 nm2 are
performed. The subthreshold characteristics, threshold voltages,
and ON-state currents for the three respective transport directions
of the [100], [110], and [111] directions are examined. The device
characteristics for the [110] and [111] directions are quite similar
in every respect, and the [100] direction has the advantage with
regard to the subthreshold behavior when the channel length
is aggressively scaled down. The ON-current magnitudes for the
three respective orientations do not differ much, although the
ON-current in the [100] direction is a little smaller, compared
with that in the other two directions when the channel width
becomes smaller. An uncoupled mode space approach has been
used to determine the contributions from individual heavy and
light hole subbands, enabling an insightful analysis of the device
characteristics.

Index Terms—Hole, k · p, MOSFET, nanowire, non-
equilibrium Green’s function, PMOS, simulation, spin-orbit
coupling, tight-binding, transistors, transport, valence band.

I. INTRODUCTION

N
ANOWIRE field-effect transistors have recently attracted

considerable attention as a possible next-generation can-

didate to replace the conventional planar metal–oxide semi-

conductor field-effect transistors, mainly due to their capability

to enhance gate control to suppress short-channel effects [1].

N-type, as well as p-type, prototypes of such nanowire transis-
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tors with feature sizes of a few nanometers have been fabri-

cated, and their device performance has been explored [2]–[4].

In this paper, we theoretically investigate the device perfor-

mance limit of ideal p-type Si nanowire transistors (p-SNWTs)

in the ballistic transport regime. There have been previous

studies on the same issue, where the hole transport was semi-

classically or full quantum-mechanically treated based on the

tight-binding (TB) method [5]–[8]. In the semiclassical studies,

the ON-state properties were examined [5]–[7] using the top-of-

the-barrier (TOB) model [9], [10], but the subthreshold charac-

teristics could not be addressed in short-channel devices [11],

because quantum tunneling is disregarded in the TOB approach.

The full quantum-mechanical study was rigorous in the treat-

ment of hole transport; however, it was limited to ultranarrow

nanowire devices due to the enormous computational burden,

and only a few example calculations were performed [8].

This work uses a full-quantum device simulator based on the

k · p method [12], [13]. The simulator is an order of magnitude

or two faster than a full-quantum TB simulator and is capable

of treating relatively thick nanowires, enabling us to perform

a comprehensive and systematic examination of p-SNWTs as

the nanowire thickness is gradually varied from 10 nm down

to 3 nm.

The k · p method has widely been used to describe the

valence band of Si [14]. It can also describe the coupling of

heavy hole (HH) and light hole (LH) in confined systems, which

results in warped subband structures. However, the k · p model

is nonatomistic and needs to be benchmarked with respect to

an atomistic model such as TB, which is regarded to be better

suited for modeling nanowires with a-few-nanometer width.

We carry out such benchmarking in this work and found out

that the k · p and sp3s∗ TB methods agree reasonably well in

terms of the final current–voltage characteristics. This could be

expected, because fine differences arising from atomistic details

should mostly disappear in a transport calculation where a few

hundreds of millivolts are applied across the source and drain.

However, it was not a priori clear if the two methods would

agree in the description of transport in different wire directions

with different atomic arrangements.

II. APPROACH

The approach to simulate the quantum transport in the

p-SNWT shown in Fig. 1 is detailed in [12]. Here, we briefly

outline the essential steps. We start with the 6 × 6 k · p
Hamiltonian given by [14], [15]

H =

[

Hint 0

0 Hint

]

+ ∆so

[

iA B
−B∗ −iA

]

(1)

0018-9383/$26.00 © 2010 IEEE
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Fig. 1. Schematic diagram of the Si nanowire field-effect transistor considered
in this work. L and W are the channel (gate) length and channel width,
respectively.

where

Hint =





L̃k2
x + Mk2 Nkxky Nkxkz

Nkxky L̃k2
y + Mk2 Nkykz

Nkxkz Nkykz L̃k2
z + Mk2



 (2)

is Kane’s 3 × 3 interaction matrix that contains the pa-

rameters L̃ = −6!
2
γ2/2m0, M = −!

2(γ1 − 2γ2)/2m0, and

N = −6!
2
γ3/2m0, where γ1, γ2, and γ3 are the Lüttinger

parameters, ∆so is the split-off parameter, and A and B are

spin-orbit (SO) coupling matrices [15]. If SO is turned off,

the Hamiltonian is reduced to Hint with double degeneracy.

We next transform the k · p Hamiltonian HK discretized in the

k-space into the mode space via

HM = U †
MHKUM (3)

where UM is the transformation matrix. To construct UM , we

first build a basis matrix U0 whose mth column vector is the

mth mode wavefunction, where modes are defined at k = 0 of

the E–k diagram. We then diagonalize the matrix

hi ≡ ε0 + U †
0ViU0 (4)

where ε0 represents the energies at the k = 0 of the E–k
diagram, and Vi is the k-space 2-D potential profile of the ith
cross section. If Ui is the unitary matrix that diagonalizes hi in

(4), we compute

UM (i) = U0Ui. (5)

The mode transformation matrix UM in (3) is obtained by hav-

ing UM (i) as its block diagonals. Lastly, the thus-constructed

mode-space Hamiltonian HM in (3) is fed into the recursive

Green’s function routine to calculate the hole density, which

is, in turn, given to the 3-D Poisson’s equation to produce an

updated potential profile. These steps are repeated until self-

consistency is achieved, and then, the drain current is calculated

using the Landauer-Büttiker formula.

We note that the preceding mode-space transformation leads

to a highly efficient simulation. The number of modes NM that

are needed to practically reproduce full solutions are usually

100 to 200, as has been verified in [12], and so, the size of

the mode-space Hamiltonian, as well as the size of the cross-

sectional eigenvalue problem in (4), is reduced to NM .

III. BENCHMARKING

A. Determination of the k · p Parameters in Nanowires

The k · p parameters in the bulk Si are well established in the

literature, but it is not known whether the same parameters can

TABLE I
TUNED k · p PARAMETERS VERSUS NANOWIRE CROSS SECTIONS

be continued to be used in nanowires. In this paper, we have

determined the k · p parameters in nanowires by best matching

the band structure by the k · p method to the band structure by

the sp3s∗ TB method.

For the best matching, we have exhaustedly scanned the

k · p parameter space for each nanowire cross section. The

thus-obtained “tuned” k · p parameters are listed in Table I. A

parameter set that best matches band structures in one direction

(i.e., [100] direction) also best matches band structures in other

directions (i.e., [110] or [111] directions). The same is true for

SO; that is, the same parameter set best matches band structures

whether SO is turned on or off. The k · p parameters in Table I

show the pattern that γ1 and γ3 decrease but γ2 stays almost

the same as the nanowire cross section becomes smaller. This

leads to effective masses of HH and LH that become heavier as

the cross section becomes smaller, as will be discussed in more

detail in later sections.

Fig. 2 illustrates an example of band-structure change before

and after the tuning. Fig. 2(a) shows the band structure by the

k · p method using the bulk parameters [16] (γ1 = 4.285, γ2 =
0.339, γ3 = 1.446, and ∆so = 0.044). The band structure looks

quite different from the band structure generated by the sp3s∗

TB method [Fig. 2(c)], and the quantization energies also differ

by about 25 meV. Fig. 2(b) shows the band structure by the k · p
method using the tuned parameters, which is much closer to the

TB band structure.

B. Benchmarking With TB Full Transport Calculations

We have just shown that the band structure by the k · p
method and the band structure by the TB method can be brought

close to each other by adjusting the k · p parameters. We can

thus expect that the full transport calculations by the two meth-

ods would agree reasonably well. This section demonstrates

that this is indeed the case.

For the TB transport calculations, full-quantum and self-

consistent calculations were performed by using the OMEN

simulator [17] with the sp3s∗ orbitals (without SO coupling).

The k · p transport calculations were also full-quantum and self-

consistent ones, which were performed by using the three-band

SO-off Hamiltonian, under the same conditions (such as the de-

vice dimensions and dopings) as the TB calculations. However,

the location of the Si-oxide interface for the k · p calculations

was adjusted by the distance equal to the Si atomic spacing

(0.136 nm for [100] direction, for instance) to better match

k · p and TB calculations. This modification is motivated by the

fact that the location of the Si-oxide interface cannot exactly be
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Fig. 2. Band structures of the Si [100] nanowire with 5× 5 nm2 cross section by (a) the k · p method using the bulk parameters, (b) the k · p method using the
tuned parameters, and (c) the sp3s∗ TB method. The band structures by the k · p method were generated by constructing the k-space Hamiltonian, as detailed in
[12], rather than a real-space Hamiltonian that depends on the spatial node resolution.

mapped between atomic positions (TB) and continuum meshes

(k · p), and thus, it is uncertain within one atomic spacing.

Fig. 3 shows the results of the two methods. The devices with

5 × 5 nm2 cross section and 10-nm length and the devices with

3 × 3 nm2 cross section and 6-nm length are considered. The

I–V curves based on the k · p and TB methods agree reason-

ably well, for all the three considered transport directions. (For

each device shown in the figure, the gate work function for the

TB calculation was adjusted, so that the I–V ’s from the two

methods have the same Ioff = 10−8 A.) Although not shown

here, we have observed a similar agreement for devices with

different lengths (3 nm for the 3 × 3 nm2 cross section and 5 nm

for the 5 × 5 nm2 cross section).

C. Effect of SO Coupling

As the Si nanowire size becomes smaller, the effect of SO

coupling becomes more noticeable in the subband diagrams.

However, our self-consistent calculations using the k · p
parameters in Table I show that the effect of SO coupling is

almost negligible in the final I–V characteristics, as can be

seen in Fig. 4: in the devices with 5 × 5 nm2 cross section and

5-nm length and the devices with 3 × 3 nm2 cross section and

12-nm length, the calculations with SO and without SO yield

almost overlapping I–V curves for each of the three considered

transport directions. Although not shown, we have verified that

the same is true for devices with different lengths (3 and 6 nm

for 3 × 3 nm2 cross section and 10 and 20 nm for 5 × 5 nm2

cross section).

D. Uncoupled Mode Approach as an Analysis Tool

From the coupled mode-space approach previously de-

scribed, it is hard to figure out how much each subband con-

tributes to the total current. We introduce the uncoupled mode

(UM) model in this work as an analysis tool to know that

information.

In our UM model, modes are independent and uncoupled

from other modes. Its implementation is straightforward: a

Fig. 3. Current–voltage characteristics calculated by using k · p and TB are
compared for Si nanowires of (a) 5× 5 nm2 cross section and 10-nm channel
length and (b) 3× 3 nm2 cross section and 6-nm channel length. Lines
represent k · p results: black, red, and blue lines represent the [100], [110],
and [111] directions, respectively. Symbols represent TB results: the solid
squares, triangles, and circles represent the [100], [110], and [111] directions,
respectively. The curves are plotted on both (left axis) a linear scale and (right
axis) a log scale.
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Fig. 4. Current–voltage characteristics calculated by using the 3× 3 (SO-off)
and 6 × 6 (SO-on) k · p methods are compared for Si nanowires of (a) 5×
5 nm2 cross section and 5-nm channel length and (b) 3× 3 nm2 cross section
and 12-nm channel length. Lines represent SO-off results: black, red, and blue
lines represent the [100], [110], and [111] directions, respectively. Symbols
represent SO-on results: the solid squares, triangles, and circles represent the
[100], [110], and [111] directions, respectively.

single-mode Hamiltonian for each independent mode is con-

structed, and its charge density and currents are calculated using

the same routine, as described in Section II. The total charge

density and currents are obtained by simply summing over

contributions from individual modes. Modes are coupled only

through the total charge density in the Poisson’s equation.

A subband structure for a Si nanowire with 5 × 5 nm2 cross

section generated by the UM model is shown in Fig. 5(a).

A flat constant cross-sectional potential profile is assumed in

generating the subband structure. As indicated in the figure,

where the transport direction is along the [100] direction, two

groups of subbands with different curvatures are present in

the subband diagram from the UM model. The subbands with

smaller (greater) curvature have the curvature effective mass,

which is exactly the same as the bulk heavy (light) hole effective

mass from the bulk k · p Hamiltonian, given by [18]

mhh,bulk(100) =
1

γ1 − 2γ2

(6)

mlh,bulk(100) =
1

γ1 + 4γ2

. (7)

Fig. 5. Subband structures generated by using (a) the unadjusted UM, (b) the
adjusted UM, and (c) the KP methods for the Si nanowire of 5× 5 nm2 cross
section and 10-nm channel length. In (a) and (b), the LH and HH subbands are
colored blue and red, respectively. The current–voltage characteristics for the
three cases are compared in (d).

We therefore call the two groups of subbands HH and LH

subbands, respectively. In the [110] direction, the HH and LH

subbands can be similarly identified by using the UM model,

although the HH subbands of the UM model have effective

masses that are not exactly the same as the bulk effective mass

from the bulk k · p Hamiltonian.

In the subband structure of the UM model in Fig. 5(a), the

band warping due to coupling of holes is absent. As a con-

sequence, the UM approach results in serious deviations from

the full calculations in the current–voltage characteristics [see

Fig. 5(d)]. This is in contrast to the case of electron transport in

n-type devices, where it has been shown that the UM approach

produces results sufficiently close to coupled-mode or real-

space results [19].

The mode coupling, which is absent in our UM model, can

be “effectively” taken into account by manually adjusting the

curvature effective masses of the HH and LH subbands. For

example, for the device considered in Fig. 5(a), the effective

masses of the HH and LH subbands are adjusted from 0.44m0

and 0.16m0 to 0.92m0 and 0.23m0, respectively. Then, the

subband structure from the “adjusted” UM model mimics the

subband structure from the k · p method better, and more impor-

tantly, the current–voltage characteristics from the two can be

brought close to each other (see Fig. 5). The current distribution

as a function of energy also shows close similarity between the

two, as will be shown later (see Figs. 8 and 14). Let us call

the original coupled-mode k · p method the KP method and the

adjusted uncoupled-mode k · p method the UM-KP method.

Since the subbands are independent in the UM-KP model,

one can easily figure out how much each subband contributes

to the transport. This separation of holes can provide significant

insight. In this paper, we will extensively use the UM-KP model

in examining the transport in the subthreshold region, as well as

in the ON-state. We stress, however, that our UM-KP model is

not intended to be the one that can perfectly replace the KP

method. We also note that we have not attempted to apply our



2278 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 57, NO. 9, SEPTEMBER 2010

Fig. 6. SS versus L/W for the (a) [100], (b) [110], and (c) [111] directions
for Si nanowires with (solid circle) 3 × 3, (open circle) 5 × 5, (solid triangle)
7 × 7, (open triangle) 8 × 8, and (solid square) 10 × 10 nm2 cross sections.

UM model to the case of the [111] direction, because the device

characteristics in the [110] and [111] directions are quite similar

in every respect, as will be discussed shortly, and also because

identification of the HH and LH subbands by using the UM

model is ambiguous in this direction.

IV. RESULTS AND DISCUSSION

The preceding results prove that the k · p simulator can pro-

duce results that are comparable with those of the TB simulator

and that the effect of SO in full transport calculations is almost

negligible. Based on the facts, we simulated the hole transport

in p-SNWTs using our k · p simulator with the three-band SO-

off k · p Hamiltonian with the tuned k · p parameters in Table I.

The oxide thickness is assumed to be 1 nm, the source–drain

doping is fixed at 1020 cm−3, and all-around gates are used.

A. Tunneling Currents and Subthreshold Behavior

The effect of the channel length scaling down on the sub-

threshold behavior is examined first. Fig. 6 shows the depen-

dence of the subthreshold slope (SS) on the channel length L
for the [100], [110], and [111] transport directions, respectively,

where the channel width W is varied from 10 to 3 nm. Note

that the channel length is scaled by L/W in the figure. The SS

values of the long-channel devices are close to the thermal limit

of 60 mV/dec, irrespectively of the channel width and transport

orientation. That implies that the tunneling-current contribution

to the total current in the subthreshold region is small in the

long-channel devices, which can be confirmed in Fig. 7.

As the channel length becomes shorter, the tunneling compo-

nent in the total current is increased (Fig. 7), and the SS value

increases accordingly (Fig. 6). More importantly, it is observed

that the SS behavior becomes dependent on the wire direction.

That is, SS versus L/W in the [100] direction does not change

much with W , whereas that for the other two directions in-

creases considerably as W is reduced. In the [100] direction,

the SS is increased to 107 mV/dec when L = W = 3 nm,

whereas, in the [110] direction, it is increased to 133 mV/dec

for the same device dimensions.

To explain the SS behavior in the short-channel case, the

current contribution from each subband is examined using the

UM-KP method. Fig. 8 illustrates that the subthreshold current

Fig. 7. Contribution of the tunneling current to the total current as a function
of the gate voltage for p-SNWTs with 5× 5 nm2 cross section and (square)
5-nm, (circle) 10-nm, and (triangle) 20-nm channel length, respectively, in the
(a) [100] and (b) [110] transport directions. Insets show the current–voltage
characteristics of the corresponding devices.

in the short-channel case is dominated by the tunneling current

from the topmost subband: in the figure, one can see that

the current distributions from KP and UM-KP are in good

agreement, which justifies the use of the UM-KP model, and

that the top most subband dominantly contributes to the current.

The topmost subband is of LH character, irrespective of the

nanowire width and transport direction (see Figs. 5 and 14).

Therefore, the SS of short-channel devices can be accounted for

solely by the effective mass of the LH subbands of the UM-KP

model.

Using the preceding findings, we have extracted the effective

mass mlh of the LH subbands through adjusting the effective

mass, so that the SSs from KP and UM-KP agree with each

other. Fig. 9 shows the dependence of mlh on W . In both wire

directions, mlh becomes heavier with the decrease in W , but the

increase rate is greater in the [100] direction. Fig. 10 shows that

the increase in mlh significantly suppresses otherwise faster

increase in SS as W is decreased, and this effect is particularly

more pronounced in the [100] direction, because mlh increases

faster in that direction. In the figure, mlh is forced to be

invariant to the decrease in W (mlh at W = 10 nm is used),

and the resultant SS is compared with the original SS. Notice



SHIN et al.: COMPUTATIONAL STUDY ON PERFORMANCE OF Si NANOWIRE pMOSFETs BASED ON k · p METHOD 2279

Fig. 8. (a) Example potential profiles in the OFF-state for the short-channel devices with 5× 5 nm2 cross section and 5-nm channel length. (b) Current distribution
J(E) with energy E for the [100] device in (a). Solid circles represent J(E) calculated from KP and open squares from UM-KP. Solid lines with no symbols
represent J(E) from the first (topmost) subband. (c) The same for the [110] device in (a).

Fig. 9. mlh as a function of nanowire width W in the [100] (circles) and [110]
(triangles) directions. The nominal effective masses in the [100] (crosses) and
[110] (pluses) directions are also shown.

Fig. 10. Dependence of the SS of short-channel devices (L/W = 1) on W
for the (a) [100] and (b) [110] directions. Squares represent the SS from the
KP method. Triangles represent the SS calculated from using the UM-KP
approach, with the LH effective mass replaced by the nominal LH effective
mass. Circles represent the SS calculated from using the UM-KP approach,
with the LH effective mass fixed to and equal to the nominal LH effective mass
for W = 10 nm.

in Fig. 10 that the SS of L = W = 3 nm is even slightly lower

than that of L = W = 4 nm. This behavior is also supported by

the TB calculation results.

The increase in the effective mass with the decrease in W is

originated from two sources. The first one is the use of the k · p
parameters in Table I, which gives rise to a slight increase in the

“nominal” LH effective mass with respect to the decrease in W ,

as shown in Fig. 9. We define the nominal effective mass as the

effective mass in the bulk from the 3 × 3 k · p theory, such as

the ones given by (6) and (7). The nominal LH effective mass

and mlh of the UM-KP model are in good agreement for W ≥

9 nm, but they become departed as W is reduced. The SS from

using the UM-KP model with the LH effective mass replaced

by the nominal LH effective mass is shown in Fig. 10: the slight

increase in the nominal LH effective mass with decrease in W
does not affect much the suppression of the increase in SS.

The second and more important source that brings about the

increase in the effective mass with the decrease in W is the

quantum-mechanical coupling of HH and LH. As the nanowire

width becomes smaller, the coupling between holes becomes

stronger due to the enhanced confinement effect. Our UM-KP

model “effectively” captures the coupling effect, as previously

mentioned, through the adjusted heavier effective mass. That is,

the increase in mlh reflects the fact that the coupling between

holes is enhanced as W is decreased. In n-type nanowires, this

kind of coupling between constituent charged particles does not

exist, but TB results show that the electron effective mass is

also seen to increase as the nanowire width becomes smaller

[5]. This can be compared with the aforementioned increase in

the nominal effective masses in p-type nanowires. (The nominal

HH effective mass calculated using the k · p parameters in

Table I also increases as W is decreased.)

We remark that, to the best of our knowledge, there has never

been an attempt to separate LH and HH from the complicated

subband structure in nanowires. A common practice, before our

work, is that the topmost subband is fitted by a parabola and

the extracted curvature effective mass mtop is used to explain

the hole transport. Our result in this paper indicates that the

common approach should not be adopted, because mtop can

be quite different from mlh, especially in the [100] direction,

where the coupling effect between holes is strong. mtop also

increases—but only slightly—as W is reduced. Using the cur-

vature effective mass mtop, the different SS behavior by the

transport direction cannot be explained.
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Fig. 11. (a) Threshold voltage change with respect to the decrease in W
for the three respective directions. (b) and (c) Threshold voltage change with
respect to L, as the nanowire cross section is varied as indicated. For each cross
section, the threshold voltage change is obtained with reference to the device
with the longest channel (L/W = 4).

We also remark that mhh, which is the effective mass of the

HH subbands of the UM-KP model, does not at all influence

the subthreshold behavior. It was nevertheless extractable by

adjusting the HH subband effective masses such that the I–V
curves from the k · p and the UM methods are best matched

in the whole gate-voltage range. (mlh is usually fixed to the

values obtained previously.) An example of such matching is

shown in Fig. 5. However, we have found that the thus-obtained

mhh slightly depends on the nanowire channel length when the

nanowire width is fixed, indicating the limitation of the UM-KP

model. mhh also shows a tendency to become heavier as W is

decreased.

B. Threshold Voltage and DIBL

The threshold voltage change with respect to the nanowire

channel width is shown in Fig. 11(a), where the threshold

voltages were calculated in long-channel devices (L/W = 4).
The threshold voltage change with W seems to be greater in

the [100] direction, compared with the other two directions. A

similar tendency was experimentally observed and explained in

terms of the quantization energy in nanowires [4].

Fig. 11 also shows the change in the threshold voltage ∆Vth

due to the shortening of the channel length for different channel

widths and transport orientations. For each channel width,

∆Vth is calculated with reference to the device with the longest

channel (L/W = 4). As in the case of the n-type counterpart,

the threshold voltage in p-SNWTs also decreases as the chan-

nel length is shortened, and the device with smaller channel

width shows greater variation of the threshold voltage by the

channel-length shortening. In terms of the transport direction,

the threshold voltage varies similarly in all the three directions

considered, although the variation in the [100] direction is

slightly greater, compared with the other two directions. If we

refer to ∆Vth of the n-type Si nanowire transistor (SNWT) [20,

Fig. 6], we can see that both the n-type SNWT and p-SNWT

exhibit similar threshold voltage changes in terms of their

magnitudes as well.

The drain-induced barrier lowering (DIBL) for 5 × 5 nm2

and 10 × 10 nm2 devices is shown in Fig. 12. The DIBL for

the three transport directions seems to behave quite similarly as

the channel length is gradually shortened, although the DIBL

for the [100] direction is slightly lower than that in the other

two directions. The DIBL of the n-type SNWT of the same

Fig. 12. DIBL as a function of L for p-SNWTs with 5× 5 nm2 cross section
for the three respective directions indicated. The DIBL of [100] n-type SNWTs
of the same dimensions is also shown for reference. (Inset) DIBL for p-SNWTs
with 10× 10 nm2 cross section.

Fig. 13. (a) Dependence of the ON-currents of p-SNWTs on the nanowire
width for the three respective directions indicated. The Ion of n-type SNWTs
of the same dimensions are also shown for reference. (b) Ion/W of p-SNWTs
versus W .

dimensions is also shown in the figure for comparison (the data

are from [21, Fig. 3]); notice the similarity in the DIBL between

n-type SNWT and p-SNWT.

C. ON-Currents

Fig. 13 shows the ON-currents Ion of p-SNWTs in the three

respective transport orientations, as the Si channel width is

varied from 4 to 10 nm. (The ON-currents are calculated with

VDD = Vd = 0.5 V after adjusting the gate work function,

such that Ioff = 10−8 A.) The difference in ON-currents by the

transport orientation is observed to be quite small, which is

particularly true for a larger width. At W = 10 nm, ON-currents

differ by about 3%. As W becomes smaller, the difference

tends to be larger, but it is about 15% at most. This result of

ours is different from the result of the TB-TOB calculations

in [6], where the ON-currents strongly depend on the nanowire

orientation. (In the TB-TOB calculations, the semiclassical

TOB model is used to calculate the ballistic current after the

Si band structures from a TB Hamiltonian are obtained.)

Fig. 13 also shows the Ion of n-type SNWTs in the [100]

direction as a comparison. The effective mass model is used to

obtain the ON-currents of the n-type SNWTs. We observe that

the Ion of p-SNWTs is about 50% of that of n-type SNWTs.
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Fig. 14. Subband structures, potential profiles, and current distributions in the
ON-state of p-SNWTs of 5× 5 nm2 cross section in the (a) [100] and (b) [110]
transport directions. J(E) from KP (thick red line) and that from UM-KP (thin
blue line) are compared. The subband diagrams from full k · p (left, red color)
and UM-KP (right, blue color) are also shown for reference.

A similar observation was made in [5], where the TB-TOB

calculations were performed for [100] nanowires.

In the following, a detailed analysis on the ON-currents in p-

SNWTs in the [100] and [110] orientations is performed. The

behavior in the [111] direction is not explicitly discussed since

it is similar to that in the [110] direction. Our main intention

in this analysis is to figure out the contributions from the HH

and LH to the total current. Fig. 14 shows the potential profiles,

subband structures, and current distributions of [100] and [110]

p-SNWTs in the ON-state, respectively, for the device with

5 × 5 nm2 cross section. In the figure, the subband structures

and current distributions obtained from the UM-KP model with

the effective masses appropriately adjusted (see Fig. 5 for an

example of such adjustment) are compared with those from the

KP calculation. After confirming that the current distributions

from KP and UM-KP agree with each other quite well, we are

able to extract the contribution from each subband to the total

current (see Fig. 15).

Fig. 15 shows that, first, there is not any single subband that

dominantly contributes to the ON-current. Neither the topmost

subband, which contributes about 25% to the overall current,

nor the subbands near the Fermi energy can solely characterize

the current behavior. In the figure, there are about ten subbands

that contribute to the current. Second, more subbands are lo-

cated around the Fermi energy in the [110] direction, compared

with the [100] direction. Third, in the [100] direction, among

the subbands that contribute to the current (E ! −0.05 eV),
there are more HH subbands than LH subbands. The opposite

is true for the [110] case. Specifically, in the [100] direction, the

LH subbands together contribute about 45% of the total current,

whereas, in the [110] direction, the total LH contribution is

Fig. 15. Contribution by each subband to the total current (left panels) in
the ON-state of p-SNWTs of 5× 5 nm2 cross section in the (a) [100] and
(b) [110] transport directions. The corresponding subband diagrams from UM-
KP (right panels) are also shown for reference. The bars of the left panels are
positioned to the top of the corresponding subbands. The LH subbands and their
contributions are colored and shaded blue, respectively. The HH subbands and
their contributions are colored red.

Fig. 16. Combined contribution from the LH subbands to the total current
as a function of the gate voltage for p-SNWTs with various dimensions. Solid
and dashed lines represent devices with 5× 5 nm2 and 10× 10 nm2 cross
sections, respectively. Solid and open symbols represent devices in the [100]
and [110] transport directions, respectively. Squares, triangles, and circles
represent devices with the aspect ratio L/W = 1, 2, and 4, respectively.

about 75%. (The mlh for the [100] and [110] directions are

0.23m0 and 0.15m0, respectively.) We have found that the same

is true, regardless of the device dimensions, as discussed as

follows:

Fig. 16 shows the ratio of the total LH current to the total

current rlh ≡ Ilh/I as a function of the gate voltage. Devices

with 5 × 5 nm2 and 10 × 10 nm2 cross sections and L/W =
1, 2, and 4 are considered in the figure. rlh in the [110]

direction is overall higher than that in the [100] direction for

the same nanowire dimensions. In the ON-state, rlh approaches

almost the same value, regardless of the nanowire dimensions,

and around 0.45 and 0.75 for the [100] and [110] directions,

respectively. For the short-channel case (L/W = 1), rlh in the

OFF-state is close to 1 (or approaches 1 for negatively lower gate
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voltages), which verifies our previous claim that the OFF-state

current for short-channel devices is dominated by the current

from the topmost subband, which is of LH character.

Let us now discuss the effective masses and their implication

on the ON-currents in p-SNWTs. As can be seen in Fig. 15,

the populations and locations of the LH subbands are different

between the [100] and [110] directions, so the LH effective

masses in the respective transport directions influence differ-

ently on the total on-currents. For instance, if mlh in the [100]

direction changes from 0.92m0 to 0.23m0, the total LH current

Ilh and the total HH current Ihh are increased by 33% and

22%, respectively, and the overall ON-current is increased by

27%. On the other hand, if mlh in the [110] direction is also

reduced four times (from 0.60m0 to 0.15m0), both Ilh and Ihh

are increased by 45%, and so, the overall ON-current is also

increased by 45%. (Note that, if the effective masses of LH

subbands are decreased, the Fermi energy is shifted away from

the valence band top, and the tunneling probability of holes

in the LH subbands becomes greater, leading to the increase

in current from the LH subbands. The Fermi energy shift

also leads to the increase in current from the HH subbands.)

The aforementioned example calculation demonstrates that ON-

current in p-SNWTs cannot be trivially scaled by the effective

masses. In addition, as can be seen in Fig. 7, the tunneling-

current contribution to the total current is not negligible, even in

the ON-state. Therefore, any attempt to describe the ON-current

with effective masses alone would poorly estimate it, e.g., the

use of the concept of injection velocity with the injection veloc-

ity inversely proportional to the square root of some effective

mass and without taking into account the tunneling probability.

We have previously mentioned that, overall, the difference

in the ON-currents by the transport orientation is quite small.

However, at a closer look, the difference between Ion(100) and

Ion(110), in particular, grows as the nanowire width becomes

smaller [see Fig. 13(b)]. The behavior can be explained in

part by the fact that the LH effective mass depends on the

nanowire width as in Fig. 9. As the nanowire width becomes

smaller, mlh(100) increases faster than mlh(110), making the

ON-current in the [100] direction smaller, compared with that

in the [110] direction. We were able to verify using our UM-KP

model that Ion(100) and Ion(110) stay closer if mlh in the two

directions changes at the same rate as W becomes smaller.

V. CONCLUSION

We have examined the device characteristics of p-type Si

nanowire transistors based on the 3 × 3 k · p method after

carefully justifying the use of the method. We have focused

on the dependence of the device performance on the transport

direction, as the nanowire channel size is gradually reduced

from 10 to 3 nm in its width. Devices are assumed to be ideal,

and the hole transport is ballistic in this study, but our work

should give a guideline on the channel orientation effects in

scaled nanowire devices.

We have found that the device characteristics are almost

the same in the [110] and [111] directions, whereas the [100]

direction shows a little different behavior. In terms of SS and

DIBL, the [100] direction exhibits better performance with

respect to the channel-length scaling-down. Especially, the

[100] direction is preferable to the other two directions if SS

is concerned, because the LH effective mass that becomes

noticeably heavier as the nanowire width is decreased sup-

presses the tunneling current, which dominantly contributes to

the subthreshold current.

In terms of the threshold voltage shift and ON-currents, on

the other hand, the [100] direction turns out to be slightly

unpreferable. However, the difference in ON-currents by the

transport direction can be regarded to be quite small overall. A

detailed analysis shows that the populations and locations of the

HH and LH subbands are quite different by the transport direc-

tion: the light-hole subbands together contribute about 45% and

75% to the total ON-current for the [100] and [110] directions,

respectively. We have also found that the ON-currents of p-type

Si nanowire transistors are about half of the ON-currents of their

n-type counterparts of the same dimensions.
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