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Si-nanowire (Si-NW) MOSFETs, the cross-sectional size (square root of the cross-sectional area of

NWs) of which was changed from 18 to 4 nm, were fabricated and characterized. Both n- and

p-channel MOSFETs have shown a nearly ideal subthreshold swing of 63 mV/decade. The

threshold voltage of n-/p-channel MOSFETs has gradually increased/decreased with decreasing the

cross-sectional size. The bandgap shift from bulk Si has been derived from the threshold-voltage

shift. The bandgap of Si-NWs was calculated by a density functional theory, tight binding method,

and effective mass approximation. The calculated bandgap shows good agreement with that

derived from threshold voltage. The theoretical calculation indicates that the bandgap is dominated

by the cross-sectional size (area) and is not very sensitive to the shape within the aspect-ratio range

of 1.0-2.5. VC 2011 American Institute of Physics. [doi:10.1063/1.3559265]

I. INTRODUCTION

Si complementary metal-oxide-semiconductor (CMOS)

technology has been making great progress due to the scal-

ability of the metal-oxide-semiconductor field effect transis-

tors (MOSFETs). However, further scaling will face severe

difficulty in the future,1–3 and Si-nanowire (Si-NW)

MOSFETs4–7 are one of the promising candidates for break-

ing the limits of conventional devices because they can

effectively suppress the short-channel effects. In the real

application of Si-NW MOSFETs, the cross-sectional size of

the NW channel will reach several nanometers where quan-

tum confinement effects will emerge and affect the device

characteristics. Therefore it is important to control and uti-

lize quantum confinement effects for enhancing the device

performance.

Quantum confinement changes the band structure of

materials such as bandgap, effective mass, and density of

states. Although all these properties must be clarified by both

experimental and theoretical methods, we focus on the

bandgap as the first step because the bandgap is a single

property and would be easily evaluated. It is theoretically

predicted that the bandgap of NWs increases with the

decrease of the cross-sectional size,8–13 and it is reported that

the bandgap widening changes the threshold voltage of NW

MOSFETs.5 In previous reports, the threshold-voltage shift

is well explained by the bandgap shift qualitatively, but

further quantitative analyses are required, taking account of the

exact size and cross-sectional shapes. Comparison with theo-

retical calculation should be also investigated in more detail.

In this study, the bandgap shift in h100i Si-nanowires

with the NW size has been evaluated by threshold-voltage

shift of fabricated n- and p-channel MOSFETs and theoreti-

cal calculations of the density functional theory (DFT), tight

binding method (TB), and effective mass approximation

(EMA). The cross-sectional structure of Si-NWs was meas-

ured by TEM for all the MOSFETs characterized in this

study. We propose the property of “cross-sectional size,”

which is defined as the square root of the cross-sectional area

of NWs and show that the bandgap is dominated by the

cross-sectional size and not very sensitive to the shape.

II. DEVICE STRUCTURE AND FABRICATION

Figure 1 illustrates the schematic structure of the Si-NW

MOSFETs fabricated in this study. A Si-NW is connected to

both nþ and pþ regions to evaluate both n- and p-channel

MOSFETs in a Si-NW.

The starting material was Si on insulator with the top Si

(001) layer with a high resistivity of 5-50 X-cm (p-type) and

200-nm-thick buried oxide. The top Si layer was thinned to

37 nm by sacrificial oxidation at 1150 �C. The nþ/pþ region

was formed by P/B ion implantation, and implanted dopants

were electrically activated during following oxidations. The

NW shape was formed by using electron beam lithography

and reactive ion etching. The patterning length of the NWs

was 100 nm, and the patterning width was changed from 48

to 18 nm, while the NW direction was [100]. To remove the

etching damage and to reduce the NW size, sacrificial oxida-

tion was carried out at 1000 �C for 8 min in dry O2. The gate

insulator of SiO2 was subsequently formed by oxidation at

1000 �C for 13 min in dry O2. The thickness of the gate SiO2

was about 15�20 nm. Al was employed for the gate electro-

des. Hydrogen-termination treatment at the SiO2/Si interfa-

ces was carried out in the forming gas at 450 �C for 10 min.

The source and drain electrodes were formed by evaporation

of Al/Ti on nþ region and Al on pþ region followed by sin-

tering at 350 �C.

a)Author to whom correspondence should be addressed. Electronic mail:
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Figure 2 shows the cross-sectional TEM images of

fabricated NWs. The Si-NWs were supported by the buried

SiO2, and the sides and top of the Si-NW were covered with

gate-insulator SiO2 and gate-electrode Al. The NW cross-

sectional shape changed with a change of the patterning

width. To express the size of Si-NWs with different shape,

the cross-sectional size (W) of the NWs is defined as the

square root of the cross-sectional area determined by the

TEM image. The W value gradually decreased from 18 to 4

nm with a decrease in the patterning width from 48 to 18

nm.

III. EXPERIMENTAL RESULTS

Figure 3 shows the drain current (ID) versus gate voltage

(VG) characteristics for a thin [100] NW MOSFET (W¼ 4

nm) at room temperature. The drain voltage was set at 50

mV, and the substrate voltage was fixed at 0 V. Fabricated

MOSFETs worked as both n- and p-channel MOSFETs as

intended: the drain current was carried by electrons and holes

for VG>�0.5 V and VG<�0.5 V, respectively. MOSFETs

also showed good on/off switching with subthreshold current

changing exponentially against the gate voltage. The sub-

threshold swing determined as

S � ln 10
@VG

@ ln IDð Þ (1)

is plotted as a function of the cross-sectional size in Fig. 4.

The subthreshold swings of both n- and p-channel MOSFETs

FIG. 2. Cross-sectional TEM images of fabricated Si-NWs with different

NW size. The first and second values in the parentheses indicate the pattern-

ing width and cross-sectional size (W), respectively.

FIG. 3. Gate characteristics (ID-VG) of the [100] Si-NW MOSFET with a

cross-sectional size (W) of 4 nm at VD¼ 50 mV and room temperature.

FIG. 1. Schematic structure of the fabricated Si-NW MOSFET: (a) the

bird’s-eye view, (b) the cross-sectional view parallel to the NW, and (c) the

cross-sectional view perpendicular to the NW. The source/drain electrodes

and SiO2 covering Si are omitted in (a).

FIG. 4. Cross-sectional size (W) dependence of the subthreshold swing of

the [100] Si-NW MOSFETs for n- and p-channel conductions at room

temperature.
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were about 63 mV/decade and almost unchanged with

decrease of the cross-sectional size. The value of 63 mV/dec-

ade is very close to the minimum value of 58 mV/decade

[¼(ln10)kT/e]. The deviation from the minimum value partly

originates in a substrate effect. The NW channel is not com-

pletely surrounded by the gate electrode, and the bottom part

faces the substrate. Taking account of this effect, the ideal

subthreshold swing for the present MOSFETs can be esti-

mated to be almost 61 mV/decade.

The threshold voltage (Vth,e/Vth,h) for n-/p-channel con-

duction determined from the linear region of ID-VG charac-

teristics is plotted as a function of cross-sectional size in Fig.

5. For MOSFETs with a large W with which the electronic

states in the Si-NW channel remain bulk states, Vth,e and

Vth,h were �0.05 and �1.00 V, respectively. The Vth,e/Vth,h

gradually increased/decreased with decreasing the size W.
The Vth shift must result from the band-edge shift by quan-

tum confinement effect.5 Figure 6 schematically illustrates

the expected band-edge levels of Si-NWs. The Fermi level at

VG¼0 in the thick Si-NW should lie slightly below the con-

duction band minimum [EC�EF(VG¼0)�0.1 eV] in consid-

eration of the low doping concentration in Si-NWs and the

work function difference between Si and gate Al.14 It is

assumed that the energy level of turning-on shifts parallel

with the bandedge shift.

In the subthreshold region, the change of Fermi level

(DEF) in the Si channel is related to the change of gate volt-

age (DVG) as15

mDEF ¼ eDVG; (2)

m � S
e

ln 10ð ÞkT
: (3)

Then bandgap shift (Eg,NW�Eg,bulk) is given by

m Eg;NW � Eg;bulk

� �
¼ e
h

Vth;e � Vth;h

� �
NW

� Vth;e � Vth;h

� �
bulk

i
(4)

and is plotted in Fig. 7(a) as a function of W, where

(Vth,e�Vth,h)bulk was fixed at 0.95 V, which is the value of

the MOSFETs with a large W, and m (S) was set at 1.09 (63

mV/decade), which is the average value for all MOSFETs.

The bandgap derived from threshold voltage monotonously

increased with a W decrease. Although few experimental

results of the Si-NW bandgap have been reported so far, Ma

et al.16 have derived the bandgap of h112i or h110i Si-NWs

by scanning tunneling spectroscopy (STS), which are also

shown in Fig. 7(a). While the direction of NW is different,

the present work showed similar bandgaps to their results for

W< 5 nm.

IV. METHODS OF THEORETICAL CALCULATION

A. Density functional theory

The bandgap was calculated by the DFT using the

CASTEP code,17,18 where the gradient corrected exchange-

FIG. 5. Cross-sectional size (W) dependence of the threshold voltage for n-

channel (Vth,e) and p-channel (Vth,h) conduction of the [100] Si-NW

MOSFETs.

FIG. 6. Schematic illustration of the expected EC and EV levels of Si-NWs

as a function of cross-sectional size.

FIG. 7. Cross-sectional size (W) dependence of the bandgap shift of [100]

Si-NWs calculated from (a) the threshold-voltage shift of MOSFETs, (b)

density functional theory, (c) tight binding method, and (d) effective mass

approximation. The bandgaps derived from experimental results of scanning

tunneling spectroscopy (STS) by Ma et al. (Ref. 16) are also shown in (a).
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correlation functional of the Perdew-Burke-Ernzerhof functional

(PBE)19 and the norm-conserving pseudopotentials were

adopted. A supercell approach, by which NWs are periodically

repeated, was employed. The cutoff energy of the plane wave

was set at 200 eV. Although DFT underestimates the bandgap

of semiconductors, DFT would well calculate the bandgap

change with the size.13

As a result of geometrical optimization, the lattice con-

stant (a) of the bulk Si was 0.538 nm. For NWs, Si bond

angles (Si-Si-Si) and distances (Si-Si) were fixed to those of

the optimized geometry of the bulk Si. All dangling bonds

on the surface were terminated by H atoms while maintain-

ing the tetrahedral bond angles and the distance of Si-H

bonding (0.154 nm). The precise boundary of NWs at the

atomic levels is obscure; this makes it difficult to define the

NW volume and cross-sectional size. Then we assume that

the average occupation volume of one valence electron in Si-

NWs is the same as that of bulk Si (Ve¼a3/32), and the

cross-sectional size of NWs (W) is defined as

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ne � Ve �

1

L

r
; (5)

Ne � 4NSi þ NH; (6)

where Ne, NSi, and NH are the number of valence electrons,

Si atoms, and H atoms in the unit cell, respectively, L (¼a)

is the edge length of the unite cell in the longitude direction

of NWs, and a is the lattice constant of bulk Si. The calcula-

tion was performed for square [100] Si-NWs as shown in the

inset of Fig. 7(b). The cross-sectional shapes of NWs with

different size are similar to those shown in Fig. 7(b), and

the space group of NWs was fixed for No. 95 (D4
7, P4322).

B. Tight binding method

The bandgap of NWs with larger size was calculated by

a nearest-neighbor sp3d5s* tight-binding method (TB),20

where the parameters of bulk silicon by Boykin et al.21 were

adopted. The dangling bonds at the surface were pacified by

sp3 hybridization scheme.22 Because this method completely

eliminates the electrons at the surface dangling bonds from

the valence state, the number of valence electrons in Si-NWs

considered in this model becomes

Ne � 4NSi � NDB; (7)

where NDB is the number of dangling bonds. This means that

this method may bring a stronger confinement than the

explicit hydrogen termination method. Therefore, W is

defined by Eqs. (5) and (7) for TB calculation. Si bond

angles (Si-Si-Si) and distances (Si-Si) were fixed to those of

the bulk Si (a¼0.543 nm). It is possible for TB to calculate

the Si-NW bandgap with the same cross-sectional shape as

the fabricated Si-NW MOSFETs. We calculated the bandgap

of the three Si-NWs with the cross-sectional shape repro-

duced from the TEM images of the fabricated Si-NW MOS-

FETs with a cross-sectional size of about 4 nm [inset of

Fig. 7(c)]. The shape of W¼3.9 nm is a reproduction of the

Si-NW shape shown in Fig. 2(c).

C. Effective mass approximation

It is assumed that a Si-NW is rectangular in the cross–

section, the crystalline orientations and the coordinate axes

are set as shown in the inset of Fig. 7(d), carriers in the Si-

NW are confined in the y and z directions by an infinite quan-

tum well of width Wy and Wz (Wy�Wz), and carriers are free

to move in the x direction. To treat the valence band simply,

it is roughly assumed that the bands are spherical and para-

bolic with heavy- and light-hole effective masses. By solving

the Schrödinger equation using the EMA, the bandgap shift

is given by15

Eg;NW � Eg;bulk

¼ �h2p2

2

1

m	L W2
z

þ 1

m	T W2
y

þ 1

m	H W2
z

þ 1

m	H W2
y

 !
;

(8)

where m*L (¼0.98m0) and m*T (¼0.19m0) are the electron

longitudinal and transverse effective masses of bulk Si, respec-

tively, and m*H (¼0.49m0) is the heavy hole effective mass.

V. CALCULATION RESULTS AND DISCUSSION

Figures 7(b)–7(d) show the bandgap shift of [100]

Si-NWs calculated from DFT, TB, and EMA, respectively.

Because DFT requires an extensive amount of calculation

capacity, the calculated maximum size was limited to 3.0 nm

for a high-symmetrical square shape in this study. The pres-

ent DFT results are well consistent with those previously

reported,8 where the cross-sectional shape is slightly differ-

ent from this work. The size dependence of the bandgap for

highly symmetric Si-NWs calculated from TB was

reported,9,10 which is plotted in Fig. 7(c). The NW shape is a

square for Ref. 9 and a circle for Ref. 10 [the radius (R) is

converted to the cross-sectional size (W) by W¼
ffiffiffiffiffiffiffiffi
R2p
p

in

Fig. 7(c)]. The three results (this work, Ref. 9, and Ref. 10)

are well consistent with each other despite the different

shape of Si-NWs; this indicates that the bandgap may be

dominated by the cross-sectional size (area) and not very

sensitive to the shape.

FIG. 8. Comparison of the bandgap shifts derived from the threshold-volt-

age shift and various calculations. The same data as shown in Fig. 7 are plot-

ted by the same symbols.
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The bandgap shift derived from the threshold-voltage

shift, DFT, TB, and EMA is compared in Fig. 8. The bandgap

derived from Vth shows good agreement with the results of

TB and EMA; this indicates that the shift of threshold voltage

originates in the band edge shift by quantum confinement

effect. The bandgap estimated by EMA is overestimated for

thin NWs as indicated,11,12 but was almost consistent with the

TB results for W¼ 4�5 nm, which indicates that the bandgap

is reasonably calculated by EMA for a cross-sectional size of

more than about 4 nm. The bandgap shifts determined by

DFT and TB agree with each other for W<3 nm.

It is expected that NWs with a different shape have differ-

ent bandgaps even though they have the same cross-sectional

size. In Figs. 7 and 8, however, NWs with the different shapes

are mixed up. Then we tried to verify its validity. Figure 9

shows the aspect ratio (Wy/Wz) dependence of the bandgap

shift with a fixed cross-sectional size (W¼ 3.8 nm, 6.0 nm).

The cross-sectional shape is a rectangle with (010) and (001)

sides for EMA and TB (EMA and TB-R in Fig. 9). The TB

result for the shape shown in the inset of Fig. 7(c) (W¼ 3.9

nm, Wy,max/Wz,max¼ 2.4) is also shown in Fig. 9 (TB-A). The

bandgaps of the NWs with W ¼ 3.8 nm and W¼ 6.0 nm

show a similar dependence on the aspect ratio (Wy/Wz), and

the dependence is rather small within the range of 1.0
Wy/

Wz
 2.5. Because the aspect ratio of NWs of fabricated MOS-

FETs was 1.5�2.4, evaluation of the bandgap by the cross-

sectional size for Si-NWs with different shapes may be valid.

The bandgap of EMA shows a similar trend to the TB

bandgap with the minimum at about Wy/Wz¼ 1.6, which indi-

cates that EMA with the assumption of the simplified valence

band can reasonably predict the bandgap change.

VI. CONCLUSIONS

Si-NW MOSFETs, the cross-sectional size (W) of which

was changed from 18 to 4 nm, were fabricated and character-

ized. Both n- and p-channel MOSFETs showed a nearly ideal

subthreshold swing of 63 mV/decade. The threshold voltage

of n-/p-channel MOSFETs has gradually increased/

decreased with a W decrease. The bandgap shift derived

from the threshold-voltage shift of the fabricated Si-NW

MOSFETs is well reproduced from the calculation (density

functional theory, tight binding method, and effective mass

approximation) for the Si-NWs with H termination without

strain and surface reconstruction. The calculated results indi-

cate that the bandgap is dominated by the cross-sectional

size (area) and not very sensitive to the shape within the as-

pect-ratio range of 1.0-2.5. Based on the results in this study,

one can estimate the cross-sectional size from the threshold-

voltage shift without destructive observation of NW shape.
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FIG. 9. Aspect ratio (Wy/Wz) dependence of the bandgap shift with a fixed

cross-sectional size (W¼3.8 nm, 6.0 nm). The cross-sectional shape is a rec-

tangle with (010) and (001) sides for effective mass approximation (EMA)

and tight binding method (TB-R). The tight-binding result (TB-A) for the

shape shown in the inset of Fig. 7(c) (W¼3.9 nm, Wy,max/Wz,max¼2.4) is also

shown.

064312-5 Yoshioka et al. J. Appl. Phys. 109, 064312 (2011)

Downloaded 10 Sep 2012 to 130.54.110.73. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1147/rd.504.0339
http://dx.doi.org/10.1109/5.915374
http://dx.doi.org/10.1088/0034-4885/68/12/R01
http://dx.doi.org/10.1109/LED.2006.873381
http://dx.doi.org/10.1109/55.852962
http://dx.doi.org/10.1109/TNANO.2008.2007215
http://dx.doi.org/10.1109/LED.2007.909868
http://dx.doi.org/10.1109/LED.2007.909868
http://dx.doi.org/10.1103/PhysRevB.74.045116
http://dx.doi.org/10.1109/TED.2005.848077
http://dx.doi.org/10.1103/PhysRevB.73.165319
http://dx.doi.org/10.1016/j.sse.2006.03.041
http://dx.doi.org/10.1016/j.physe.2005.12.094
http://dx.doi.org/10.1063/1.114348
http://dx.doi.org/10.1126/science.1080313
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.1524/zkri.220.5.567.65075
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.57.6493
http://dx.doi.org/10.1103/PhysRevB.69.115201
http://dx.doi.org/10.1103/PhysRevB.69.045316

