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Abstract 
 

Since nanotechnology made it possible to fabricate and control structures with dimensions much 

smaller than 1 μm, physical phenomena peculiar to the nanoscale structures have attracted much 

attention and have been expected to be utilized in novel devices. Si nanowires (NWs) are one of the 

structures: quantum confinement effect (QCE) becomes conspicuous in Si NWs, and Si NWs are 

potential structures for applications to advanced metal-oxide-semiconductor field effect transistors 

(MOSFETs) and light-emitting devices. 

Although Si MOSFETs have made progress with miniaturization according to the scaling law so 

far, further scaling will not be easy in the future because of problems such as short channel effects. 

To overcome the problems, surrounding-gate structures such as NW MOSFETs have been proposed. 

The structures can control the short channel effects effectively. Unlike bulk Si, Si nanostructures 

including Si NWs are promising candidates of light-emitting devices, because the QCE in 

nanostructures increases the uncertainty of the crystal momentum, by which no-phonon radiative 

recombination may increase, and with which improvement in light-emitting efficiency is expected. 

In this thesis, first, a fabrication process of Si NWs with a cross-sectional size below 10 nm is 

established, and then carrier transport characteristics in Si NW MOSFETs were studied. The size 

dependence of the mobility was investigated, from which the electronic states and the carrier 

scattering mechanism peculiar to Si NWs were inferred. Moreover, to clarify the origin of the 

current oscillation with gate-voltage sweep in NW MOSFETs, the author proposed an analytical 

transport model, taking account of acoustic phonon scattering in Si NWs. In addition to the 

transport characteristics, the optical properties of Si NWs were also studied, aiming at light-emitting 

diodes. The light-emitting properties of Si NWs were estimated by calculating the absorption 

coefficients for band-to-band transition. Si-NW pn-diodes were fabricated, and their 

electroluminescence was investigated. 

In Chapter 2, a fabrication process of Si NWs by a top-down approach using silicon-on-insulator, 

electron beam lithography and sacrificial oxidation was established. The NW shapes were 

investigated by cross-sectional and top views using TEM and SEM. Formation of NWs as narrow as 

13 nm was accomplished by electron beam lithography. After downsizing by sacrificial oxidation, 

formation of an NW with a minimum cross-sectional size W (square root of the area) of 4 nm 

(height: 2 nm, width: 7 nm) was achieved. 

In Chapter 3, Si-NW MOSFETs, whose NW size (W) was changed from 18 nm to 4 nm, were 

characterized. Both n- and p-channel MOSFETs showed good gate control with a nearly ideal 

subthreshold swing of 63 mV/decade. The shift of subthreshold voltage with decreasing the NW 

size was observed and can be explained by the band-edge shift by the QCE. Electron and hole 

mobilities were compared and characterized in one Si NW using a special device structure. The W 

dependence of the ratio of the electron and hole mobilities indicated two types of 
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carrier-confinement conditions: electric-field-confinement and volume-inversion. For electric-field- 

confinement condition (W > 7 nm), mobility was explained by the combination of bulk-MOSFET 

mobility with different channel faces. For volume-inversion condition (W < 7 nm), mobility 

decreased, and the decrease probably originates in the increase of the surface-roughness scattering. 

The mobility ratio changed remarkably, which may originate in the unique band structure of NW. 

In Chapter 4, the drain-current oscillation peculiar to NW MOSFETs was experimentally and 

theoretically investigated. The transconductance of a fabricated Si-NW MOSFET with W = 6 

showed clear oscillation up to 309 K. A transport model that reproduces the drain-current oscillation 

was proposed. The model assumes one-dimensional electronic states determined from the effective 

mass approximation as well as elastic and isotropic phonon scattering. The mobility was calculated 

from the relaxation time approximation as a function of the Fermi level and the carrier 

concentration was also determined as a function of the Fermi level. Relation between the gate 

voltage and the Fermi level was estimated from the MOSFET structure, by which the gate-voltage 

dependence of the carrier mobility and the concentration in Si NW MOSFETs was calculated. The 

calculated results showed similar oscillation to the experimental results. The model indicates that 

the oscillation originates from the periodic variations in the scattering rate caused by 

one-dimensional density of states ( E −0.5), and one set of peak and valley of the oscillation reflects 

one subband. 

In Chapter 5, to reveal optical properties of Si NWs, the author calculated the electronic states 

and absorption coefficient by direct band-to-band transition of <100> and <111> Si NWs with a W 

of about 1-3 nm by the density functional theory. The band-gap energy increased with a decrease in 

size as a result of QCE effects. The <100> NWs showed direct band structure, while the band 

structure of <111> NWs changed from indirect to direct with decrease in size. The near-band-edge 

absorption-coefficient of <100> NWs with a size below about 2 nm for the polarization being 

parallel to NW was larger than that of the experimental results of the bulk and increased remarkably 

with decrease in size. The <111> NWs showed a smaller absorption coefficient than the <100> 

NWs. Therefore, the <100> NWs with a size below about 2 nm are attractive from the standpoint of 

efficient luminescence. The absorption edge for the perpendicular polarization shifted to the higher 

energy side than the band gap energy because of the forbidden transitions. 

In Chapter 6, Si-NW pn diodes were fabricated and the dependence of the electroluminescence 

on the NW size was investigated. For the diode with an expected W of 88 nm, a single peak at 1.092 

eV was observed, which undoubtedly originates in the emission by band-edge transition in 

bulk-wire Si. For the diodes with expected W smaller than 31 nm, three peaks were observed. The 

peak energies were 1.104 eV, 1.050 eV, and about 1.0 eV for an expected W of 9 nm. Since the 

energy 1.104 eV is slightly larger than bulk-Si energy of 1.092 eV, the peak at 1.104 eV perhaps 

originates in band edge transition in Si NWs with the band gap widened by QCE. 

In Chapter 7, conclusions of the present study are given with suggestions for future work. 
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Chapter 1 

Introduction 
 

 

1.1 Background 

 

Technology products have been changing and improving our lives. Personal computers, the 

Internet, mobile phones, car navigation systems, and electronic dictionaries are examples from 

recent years. Such technological innovations are largely based on miniaturization of devices, by 

which larger information can be processed, transmitted, and stored faster in a smaller space with 

lower electric energy. In spite of efficiency improvement, total electric-energy consumption has 

been increasing because of the infinite demand of dealing with more and more information. 

“BRICs,” which refer to the fast-developing nations of Brazil, Russia, India and China, have 

become a very popular term nowadays. Such large economic growth increases anxiety about 

exhaustion of energy resources and global environmental change. Therefore, sustainable 

development is strongly needed, which, of course, is of great interest in the fields of science and 

technology. 

Nanotechnology has been developed with device miniaturization and made it possible to fabricate 

and control structures with dimensions much smaller than 1 μm. Physical phenomena peculiar to 

such nanoscale structures, like ballistic transport or Coulomb blockade, have attracted much 

attention and have been expected to be utilized in novel devices. Si nanowires (NWs) are one of the 

structures: quantum confinement effect (QCE) becomes conspicuous in Si NWs, and Si NWs are 

potential structures for applications to advanced metal-oxide-semiconductor field effect transistors 

(MOSFETs) and light-emitting devices. 

Large-scale integrated circuits (LSIs) based on Si MOSFETs are widely used in electronic 

equipment and are also applied to home appliances, that is “digital appliances.” The market is worth 

about 200 billion US dollars a year worldwide [1]. The LSIs have been increasingly miniaturized in 

accordance with the Moore’s law. G. Moore predicted in 1965 that the number of transistors per chip 

would increase four times every three years [2]. A MOSFET first reported in 1960 had a gate length 

of 20 μm and a gate oxide thickness of 100 nm [3]. By the progress of minute processing 

technology, the gate length of the latest MOSFETs has reached less than 50 nm. However, further 

scaling will not be easy in the future because of many problems. New structures, concepts, or 

materials are needed to evolve the devices further, which is expressed by the slogans “more than 
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Moore” or “beyond CMOS.” Si NWs are one of the potential materials to be used in the LSIs and 

improve the performance by the structural characteristics. Since the Si NWs for such application 

would have a small cross-sectional size of below about 10 nm, QCE must undoubtedly be managed. 

Unlike bulk Si, Si NWs are promising candidates of light-emitting devices, because the QCE in 

nanostructures increases the uncertainty of the crystal momentum, with which improvement in 

light-emitting efficiency is expected. 

 

 

1.2 Properties of Si 

 

1.2.1 Bulk 
 

Crystal structure and phonon dispersion 

A bulk-Si crystal has a diamond-lattice structure (space group: 227, 7
hO , mFd 3  [4]), of which 

lattice constant a is 0.543 nm at room temperature [5-7]. Figure 1.1 shows the phonon dispersion for 

Si [8]. The symbol and position of the high symmetry points are summarized in Table 1.1. There are 

six modes: one longitudinal acoustic, two transverse acoustic, one longitudinal optical, and two 

transverse optical modes. Velocity of longitudinal acoustic and transverse acoustic phonons is 9×103 

m·s−1 and 5×103 m·s−1, respectively. The energy of optical phonons is 63 meV at Γ. 

 

Band structure 

The bulk-Si crystal is a semiconductor with an indirect band-gap and the energy is 1.12 eV at 

300K [9]. Figure 1.2 shows the band structure calculated by the pseudopotential method [10], where 

the parameters are determined to fit experimental data such as optical gaps. Figure 1.3 shows the 

constant energy surfaces near the conduction band minimum (CBM) and valence band maximum 

(VBM) [11]. There are six equivalent CBMs located at 0.85X. Near the CBMs, the constant energy 

surface is a spheroid and the E-k dispersion relation can be well approximated by a quadratic using 

two electron effective masses: m*T (= 0.19m0) and m*L (= 0.98m0) [12]. The VBM is located at Γ 

and consists of doubly degenerate bands named heavy-hole band and light-hole band. As shown in 

Fig. 1.3, for both the heavy-hole and light-hole bands, the constant energy surface is warped and the 

E-k relation cannot be accurately approximated by a quadratic, which makes hole transport difficult 

to treat. To treat it simply, it is roughly assumed that the bands are spherical and parabolic, and one 

effective mass for each band is derived based on the assumption: heavy-hole effective mass m*H (= 

0.53m0 [13] or 0.49m0 [14]) and light-hole effective mass m*L (= 0.16m0 [13, 14]). Near the VBM, 

there is another band named the split-off band, which is separated from VBM by only −44 meV at Γ 

[15] and can also play a role in hole transport. 
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Fig. 1.1  Phonon dispersion relation for bulk Si. Solid lines are calculated results, 
and circles and stars are experimental results. (Reproduced from Ref. [8].) 
 

 

 

Table 1.1  Symbol and position of high symmetry points in reciprocal lattice. 

Symbol Position

Γ

L

X

K

W

U

0) 0, (0,2
a
π

1/2) 1/2, (1/2,2
a
π

0) 0, (1,2
a
π

0) 3/4, (3/4,2
a
π

0) 1, (1/2,2
a
π

1/4) 1/4, (1,2
a
π

Symbol Position

Γ

L

X

K

W

U

0) 0, (0,2
a
π

1/2) 1/2, (1/2,2
a
π

0) 0, (1,2
a
π

0) 3/4, (3/4,2
a
π

0) 1, (1/2,2
a
π

1/4) 1/4, (1,2
a
π
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Fig. 1.2  Band structure of bulk Si calculated by the pseudopotential method, where 
two results of solid and dashed lines are shown. (Reproduced from Ref. [10].) 
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Fig. 1.3  Shapes of constant-energy surfaces for (a) conduction, (b, c) heavy-hole, 
(d, e) light-hole, and (f, g) split-off bands. ((b-g) are reproduced from Ref. [11]. The 
scale value of the right figure in (e) is probably not 0.01 but 0.1.) 
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Bulk mobility 

Mobility of bulk Si is 1.4×103 cm2V −1s−1 for electrons and 4.7×102 cm2V−1s−1 for holes at room 

temperature and impurity concentration of as low as 1014 cm-3 [16, 17]. Coulomb scattering by the 

ionized impurities significantly decreases the mobility, when the impurity concentration exceeds 

about 1016 cm−3 (Fig. 1.4). Temperature dependence of the mobility for the low impurity 

concentration is shown in Fig. 1.5 [18-20]. The mobility near room temperature varies with 

temperature as μ  T α, where the fitting parameter α is in the range of −2.0 to −2.5 for both 

electrons and holes [18, 19, 21]. Mobility of acoustic phonon scattering involving small-energy 

acoustic-phonons is theoretically expected to vary as  T −1.5. Although the acoustic phonon 

scattering is dominant in the bulk Si at relatively low temperature, the temperature dependence of 

the bulk-Si mobility near room temperature is larger than the theoretical dependence of the acoustic 

phonon scattering because of other scattering mechanisms. Electrons are scattered from one CVM 

to another by acoustic or optical phonons, which is termed intervalley scattering. 

Nonpolar-optical-phonon scattering occurs for holes. (It does not occur for electrons by a selection 

rule.) Since these kinds of scattering involve phonons with as high as several tens of meV, the 

scattering is enhanced above about 100 K and is as frequent as the acoustic phonon scattering near 

room temperature [19]. 

 

Channel mobility of bulk MOSFETs 

Mobility in an inversion layer of bulk-Si MOSFETs has dependence on electric field normal to 

the interface, which is expressed by 

 βEμ eff  (1.1) 

at Eeff lower than about 0.5 MV·cm−1 and low impurity concentration near room temperature, where 

the fitting parameter β is about −0.3 for electrons on {100}, {110}, and {111}, and holes on {100} 

[22-25]. Eeff is the effective field defined by  

  ID
Si

eff NηN
ε

e
E  , (1.2) 

where εSi, ND, and NI are the dielectric constant of Si, concentration of depletion-layer impurities, 

and concentration of inversion-layer carriers, respectively. The parameter η is set so that the 

mobility is independent of impurity concentration or substrate bias when the mobility is plotted as a 

function of Eeff. By this method, the η is set to be 1/2 for electrons on {100}, 1/3 for electrons on 

{110} and {111}, and 1/3 for holes on {100} [22-24, 26, 27]. It is explained in Ref. 16 that the 

mobility is mainly determined by acoustic phonon scattering, and the β and η are theoretically 

derived to be −1/3 and 11/32, respectively, by assuming that the carriers in the inversion layer are 

two-dimensional electron gas and are only scattered by acoustic phonons. Large deviation of 

{100}-electrons’ η (= 1/2) from the theoretical value may originate from nonequivalent CBMs in 

the inversion layer, which is discussed in [24, 25]. Figure 1.6 shows the effective field dependence  
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Fig. 1.4  Mobility of electrons and holes as a function of carrier (ionized impurity) 
concentration [16, 17]. 

 

101 102 103
102

103

104

105

106

Temperature (K)

M
ob

ili
ty

   
(c

m
2 V

 -
1 s-1

)

Electron [18]
Electron [20]
Hole [19]
Hole [20]

 

Fig. 1.5  Mobility of electrons and holes as a function of temperature [18-20]. The 

solid line shows temperature dependence of  T −1.5. 
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Fig. 1.7  Absorption coefficient for Si and GaAs near band-gap energy [28, 31, 32, 
34, 35]. The broken lines show band-gap energy of Si (1.08 eV) and GaAs (1.42 
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of the mobility [23-25, 27]. At Eeff larger than about 0.5 MV·cm−1, surface-roughness scattering 

significantly decreases the mobility with increase of the electric field, and its degree is varied by the 

surface orientation [24, 25, 27]. The mobility on {100} is largest for electrons. The Coulomb 

scattering becomes dominant for high impurity concentration and low electric field, but decreases 

with increase in carrier concentration because of the screening effect [23, 24, 27]. 

 

Absorption coefficient 

Si is an indirect-band-gap semiconductor and optical transitions involve phonons [28]. The 

involved phonons are longitudinal acoustic, transverse acoustic, longitudinal optical, and transverse 

optical phonons with energy of 46.5 meV, 18.2 meV, 55.3 meV, and 57.5 meV, respectively [29, 30]. 

Figure 1.7 shows the absorption coefficient of Si near band-gap energy [28, 31-33], where the 

band-gap energy is 1.08 eV at 300K [28]. The absorption coefficient of direct-gap GaAs is also 

shown in the figure for reference [33-35]. The absorption coefficient of indirect-gap Si at band-gap 

energy is far smaller than that of direct-gap GaAs. Therefore, bulk Si is a less attractive material for 

light-emitting devices. 

 

1.2.2 Nanowire 
 

Band structure 

In Si NWs, carriers are confined and energy subbands are formed. First, the concepts will be 

reviewed by using the simplest model [36]. It is assumed that an Si NW is square in the cross 

section, the crystalline orientations and the coordinate axes are set as shown in Fig. 1.8, and carriers 

in the Si NW are confined in the y- and z-directions by an infinite quantum well of width W and are 

free to move in the x-direction. The Schrödinger equation using the effective mass approximation 

(EMA) is solved and the envelope function Ψ and energy E for electrons in each CBM denoted by 

labels of X, Y, and Z as in Fig. 1.3(a) are given by 
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 ...2,1, zy nn ,  

where EC is the energy of bulk CBMs, kx is the wave number, and k0 is 0.15(2π/a) or −0.15(2π/a). 

Since the Y-CBMs and Z-CBMs remain degenerate to each other, only the equations for Y-CBMs 
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Fig. 1.8  Shape and crystalline orientations of a nanowire and the coordinate axes 
for the calculations using EMA. 
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Fig. 1.10  Minimum energy of subbands for Si [100] NW as a function of width W, 
where the first to third lowest subbands for each CBM are plotted. 
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Fig. 1.11  Band-gap energy of Si NWs with different directions calculated by TB 
[37, 38], DFT [40, 41], and EMA as a function of the NW’s cross-sectional size. 
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are presented. Energies specified by a set of (ny, nz) form an energy subband. The E-kx relation is 

shown in Fig. 1.9, where a line denotes a subband, and the relation can be viewed as a projection of 

three-dimensional E-k relation of bulk on the kx-axis. (The coefficient in k0 is not only 0.85 but also 

0.15 because X-CBMs with 0.15 exist outside the first Brillouin zone.) Degeneracy of X-CBMs and 

Y-CBMs is broken by anisotropy of effective mass. The minimum energy of the subbands is plotted 

as a function of the width W in Fig. 1.10, where the first to third lowest subbands for each CBM are 

plotted. The subband minima shift to the higher energy side with decrease of the width and separate 

from each other (subband splitting). In the same way, the subbands’ minimum energies of the 

heavy-hole and light-hole bands can also be calculated using m*H (= 0.49m0) and m*L (= 0.16m0). 

The subband maxima shift to the lower energy side with decrease of the width, and the band gap Eg 

[= EY(1, 1; 0)−EH(1, 1; 0)] widens. The subband splitting changes the population rate of carriers in 

each subband and results in change of conductivity effective mass. For example, the lowest subband 

in the conduction band, Y(1, 1), has most of electron population and has small effective mass m*T in 

the x-direction (direction of carrier transport). That is to say, the conductivity effective mass in the 

NW approaches m*T (= 0.19m0) with decrease of the width, while that in the bulk is 

3m*Lm*T/(2m*L+m*T) (= 0.26m0). Such effects of the subband splitting on carrier transport become 

conspicuous when the splitting energy becomes sufficiently larger than thermal energy kT. The 

splitting energy with an NW width of about 10 nm is equivalent to the thermal energy at room 

temperature (26 meV). The subband splitting also changes the density of states (DOS). The DOS in 

the NW is the sum of the subband DOSs, which are given as one-dimensional DOS and vary as  E 

−1/2 [36]. 

Band structures of NWs by more accurate calculations of tight-binding method (TB) [37-39] and 

density functional theory (DFT) [40, 41] have been reported. Figures 1.11 and 1.12 show the band 

gap and effective mass of the lowest/highest conduction/valence subband, respectively, as a function 

of the NW’s cross-sectional size, where the band gap calculated by EMA following the first 

paragraph is also plotted. The reported values vary widely, presumably because calculation accuracy, 

surface termination, cross-sectional shape, and definition of cross-sectional size are different among 

these reports. The band gap increases with decrease of the size and changes with NW direction as 

Eg,<100> > Eg,<111> > Eg,<110>. The EMA overestimates the change of the band gap (Eg,NW−Eg,bulk). The 

effective mass, for the most part, increases with the size decrease. The <110> NW has relatively 

light effective mass for both electrons and holes, which is favorable for carrier transport. 

 

 

1.3 Device applications of Si nanowires 

 

1.3.1 Si nanowire MOSFETs for advanced CMOS 
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Fig. 1.12  Calculated effective mass for electrons and holes in Si NWs with 
different directions as a function of the NW’s cross-sectional size [37-39, 41]. 
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Fig. 1.13  (a) conventional structure of a planar-gate MOSFET using bulk Si, and 
the advanced structures of (b) SOI MOSFET and (c, d) surrounding-gate MOSFETs. 
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 15

Si MOSFETs have made progress with miniaturization according to the scaling law originally 

proposed by Dennard [42]. According to the scaling law, with decrease of the dimensions by the 

factor 1/a, the speed increases by a and the power dissipation decreases by 1/a2 while maintaining 

the power density constant. To attain the scaling merits fully, all the dimensions need to be scaled 

properly, but some factors have become difficult to shrink further. Lowering of the threshold voltage 

and supply voltage is restricted by the subthreshold slope, which does not scale [43]. Thinning the 

gate oxide is restricted by tunneling current through the gate oxide [44]. Shallowing of the 

source/drain junction is restricted by ion implantation and annealing technology, as well as series 

resistance [45]. Improper scaling with these restrictions increases short-channel effects (SCEs) to an 

unacceptable level. The MOSFETs with a gate length of 5~16 nm show severe SCEs, which can be 

grasped by the large subthreshold slope of over 100 mV/dec. [46-49].  

To overcome these difficulties, new structures such as surrounding-gate-structures have been 

proposed. The structures can control the SCEs effectively because the channel potential is well 

controlled by the gate potential and screened from the drain potential [50-52]. Figure 1.13 shows (a) 

the conventional structure of a planar-gate MOSFET using bulk Si, and the advanced structures of 

(b) an SOI MOSFET using Si-on-insulator (SOI) and (c, d) surrounding-gate MOSFETs using SOI. 

The structure (b) has the feature that the channel is fabricated in a thin Si layer on top of a buried 

oxide layer and is expected to be employed in the near future [53]. The structures (c, d), of which 

the channel is sandwiched or surrounded by the gate, have superior SCE immunity. However, the 

structures (c, d) are difficult to form, and various structural types with different process and SCE 

immunity are under consideration. 

For the new structures, the problem of shallowing the source/drain junction and depletion depth is 

converted to reducing the thickness or cross-sectional area of the Si channel region. In other words, 

the more the Si channel is downsized, the more the SCEs are reduced. Therefore, to reduce the 

cross-sectional area of the channel with surrounding-gate MOSFETs is one of the choices for 

improving the performance besides the further miniaturization of the gate and channel length. Since 

the channel length of state-of-the-art MOSFETs is below 50 nm, the surrounding-gate MOSFETs 

with the same channel length must have a sufficiently smaller cross-sectional diameter than the 

length. The diameter would be smaller than 10 nm, and such devices can be called NW MOSFETs. 

Surface effects such as QCE become conspicuous for such small NWs and must be clarified to 

put the NW MOSFETs to practical use, besides establishing the fabrication technologies. Some 

QCEs have been reported so far. Increase of the CBM increases the threshold voltage of n-channel 

MOSFETs, and likewise for p-channel MOSFETs [54, 55]. Drain current oscillates with sweep of 

the gate voltage at lower temperature and lower drain voltage, which would originate from 

oscillatory one-dimensional DOS [56-58] or Coulomb blockade phenomenon [59]. Volume 

inversion increases the mobility because of reduced interface scattering [60, 61]. The volume 

inversion is a phenomenon where induced-carriers stay more around the center of the wire than the 

Si/SiO2 interface when carriers induced at an interface nearly overlap with carriers at the opposite 



 16 

interface. Volume inversion would become conspicuous when the NW cross-sectional size becomes 

as small as the size of the inversion layer. On the other hand, mobility degradation by carrier 

scattering induced by interface fluctuation was reported for thin film MOSFETs with a thickness 

below 4 nm [62], which is apparently inconsistent with the volume inversion effect. The change of 

the effective mass mentioned in Section 1.2.2 is also an important factor affecting the mobility. 

Which factor dominantly affects the mobility must depend on conditions such as NW shape and size, 

temperature, and electric field. Therefore, answering this question is very difficult and requires 

much more research. 

 

1.3.2 Light-emitting-devices of Si nanowires 
 

Electrical interconnections do not shrink with the shrinking of transistors and would restrict the 

LSI performance. Optical interconnections are expected to replace electrical interconnections to 

overcome delay, power, and bandwidth problems [63, 64]. To realize optical interconnections, such 

devices as light emitters, waveguides, and detectors are needed. Among the devices, the realization 

of light emitters compatible with LSI processing is far more difficult because the light-emitting 

efficiency of bulk Si is extremely low because of the indirect-bandgap nature. However, the 

introduction of other materials, which are usually incompatible with LSI, results in high-cost 

processing. Therefore, Si-based light emitters are in strong demand to combine photonics with 

Si-based electronics [65-67]. 

Si nanostructures such as dots [68, 69], porous Si [70-72], nanowires [73], and nanofilms [74] are 

promising light-emitter candidates [75, 76]. The QCE in nanostructures increases the bandgap 

energy and the uncertainty of the crystal momentum, by which no-phonon radiative recombination 

may increase and with which improvement in light-emitting efficiency is expected [77-80]. QCE 

has been observed by the shift of the emission peak to the higher energy side. However, the actual 

external-quantum-efficiency of the nanostructures (≤ 10−2 [72]) remains as low as the bulk’s 

efficiency [81, 82]. Besides QCE, the interface/surface states of the nanostructures play a crucial 

role in the recombination process. To further increase the efficiency, the structure and the interface 

of the nanostructures must be optimized. 

 

 

1.4 Purpose and outline 

 

In this thesis, first, a fabrication process of Si NWs with a cross-sectional size below 10 nm is 

established, and then carrier transport characteristics in Si NW MOSFETs are studied. The size 

dependence of the mobility is scrutinized, from which the electronic states and the carrier scattering 

mechanism peculiar to Si NWs are inferred. Moreover, to clarify the origin of the current oscillation 
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with gate-voltage sweep in NW MOSFETs, The author proposes an analytical transport model, 

taking account of acoustic phonon scattering in Si NWs. In addition to the transport characteristics, 

the optical properties of Si NWs are also studied aiming at light-emitting diodes. The light-emitting 

properties of Si NWs are estimated by calculating the absorption coefficients for band-to-band 

transition. Si-NW pn diodes are fabricated, and their light-emitting properties are investigated. 

In Chapter 2, a fabrication process of Si NWs with a cross-sectional size below 10 nm by a 

top-down approach using electron beam lithography and sacrificial oxidation is established. The 

NW shapes are investigated by cross-sectional and top views using TEM and SEM. 

In Chapter 3, the mobility of Si NWs with a cross-sectional size of several tens of nm to 4 nm is 

investigated. QCE in Si NWs is confirmed by the threshold-voltage shift resulting from the 

band-edge shift. Confinement conditions of carriers is inferred by evaluating the change of the 

electron and hole mobility ratio with decreasing the size. The scattering mechanism in Si NWs is 

inferred from the temperature dependence of the mobility. 

In Chapter 4, a transport model is proposed that reproduces the drain-current oscillation. The 

model assumes one-dimensional electronic states, and elastic and isotropic phonon scattering. The 

gate-voltage dependence of the carrier mobility and the concentration in Si NW MOSFETs is 

calculated by the model. The calculated results are compared with the experimental results, and the 

origin of the oscillation is discussed based on the model. 

In Chapter 5, the electronic states and the optical absorption coefficient of the Si NWs are 

calculated using DFT, and their light-emitting potential is estimated from the band-edge absorption 

coefficient. The dependencies of the absorption coefficient for <100> and <111> Si NWs on the 

cross-sectional size and polarization direction are investigated. A forbidden transition is discussed 

based on the group theory. 

In Chapter 6, Si-NW pn diodes are fabricated and the dependence of the electroluminescence on 

NW size is investigated. 

In Chapter 7, conclusions and suggestions for future work are presented. 
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Chapter 2 

Fabrication of Si nanowires by top-down approach 
 

 

2.1 Introduction 

 

The various fabrication methods of Si nanowires (NWs) reported so far can be categorized into 

bottom-up and top-down approaches. In the bottom-up approach, Si NWs are synthesized, for 

example, using a vapor-liquid-solid (VLS) technique [1, 2]. Although the bottom-up approach is a 

low-cost method, an assembly technique must be developed for device applications [3]. The 

top-down approach, which is based on lithography and etching, generally utilizes an SOI as a 

material and electron beam (EB) lithography, which results in high-cost manufacturing. In the 

direct-write EB lithography, low throughput could also be a problem, but throughput may be 

improved in the future [4]. Circular NWs with a 5- to 7-nm diameter were fabricated utilizing 

silicon-on-insulator (SOI), EB lithography, and stress-limited oxidation at 875˚C [5]. A circular NW 

with a 4-nm diameter was fabricated by a process in which twin NWs are formed at the top and 

bottom of an Si-fin by stress-limited oxidation, and then the top NW is dry etched [6]. A circular 

NW with a 5-nm diameter was also fabricated from bulk Si [7]. 

Additional treatments are important to reduce fluctuation of NWs and form straight and uniform 

NWs. For example, a smooth surface is formed by wet etching in an alkaline solution such as a 

tetramethylammonium hydroxide (TMAH) solution [8] and thermal etching in H2 atmosphere [9]. 

However, these treatments limit the surface to the crystal face. On the other hand, sacrificial 

oxidation smoothes the surface and maintains the original shape. 

In this study, a top-down approach with SOI, EB lithography, and sacrificial oxidation is adopted. 

By this approach, the NW size and direction can be easily controlled in a substrate. 

 

 

2.2 Fabrication procedure 

 

The starting material was SOI with a top Si of a 110-nm-thick (001)-oriented p-type film with a 

resistivity of 5~50 Ω·cm and 200-nm-thick buried-SiO2 film, manufactured by Shin-Etsu Chemical 

Co., Ltd. 
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The top Si was thinned by sacrificial oxidation (1st oxidation) at 1,150˚C in dry O2, by which a 

153-nm-thick SiO2 was formed, and by removal of the SiO2. Details of the oxidation conditions are 

shown in Fig. 2.1(a). To passivate the Si surface, a thin SiO2 was formed by oxidation (2nd 

oxidation) at 800˚C (Fig. 2.1(b)). The thickness of the passivation-SiO2/Si/buried-SiO2 was 

determined as 3.6/36.5/200.9 nm by spectroscopic ellipsometry. 

NW shapes were patterned by EB lithography. A resist of ZEP520A-7 by the Zeon Co., diluted by 

anisol of ZEP-A by Zeon Co., was used, where the mass ratio was ZEP520A-7: ZEP-A = 1: 1. The 

resist was coated at 1,800 rpm for 1 min on a nearly square 1 cm × 1 cm substrate and baked at 

160˚C for 3 min. Patterning was performed directly on the resist by EB under the following 

conditions: acceleration voltage, beam current, dose, and beam diameter were 100 kV, 100 pA, 170 

μC/cm2, and 2 nm, respectively. The patterning length of the NWs was 100 nm, and the width was 

changed from 56 to 18 nm by a 2-nm step. The resist was developed at 23˚C for 2 min in an n-amyl 

acetate of ZED-N50 by the Zeon Co., rinsed in isopropyl alcohol (IPA) for 40 sec, and blow-dried 

by N2. 

Si NWs were formed by reactive ion etching (RIE) using the resist as a mask. RIE was performed 

for 90 sec at 16 W (cathode diameter: 7.5 cm) in CF4 gas with 16 sccm and 5 Pa. The resist was 

removed in SPM (H2SO4/H2O2/H2O) at 80˚C for about 4 hours. The step heights at pattern edges 

before RIE, after RIE, and after resist removal were 116, 92, and 32 nm, respectively. That is, the 

thickness of the resist after developing was 116 nm, and the etching quantity of the resist and the Si 

(including passivation SiO2) was 56 and 32 nm, respectively; the etching rates of the resist and the 

Si were 37 nm/min and 21 nm/min, respectively. 

Sacrificial oxidation (3rd oxidation) to remove the RIE damage and reduce the NW size was 

carried out at 1,000˚C (Fig. 2.1(c)). The SiO2 was removed by dipping in BHF (NH4F/HF/H2O). 

SiO2, which is used as a gate insulator for MOSFETs, was formed on the NW surface by oxidation 

(4th oxidation) at 1,000˚C (Fig. 2.1(d)). The SiO2/Si/SiO2 thickness was changed from 

3.6/36.5/200.9 to 18.8/30.3/200.6 nm after the 3rd oxidation and to 23.1/18.9/201.0 nm after the 4th 

oxidation, which was measured for the large area where RIE was not performed. Therefore, about 

18-nm-thick Si from the NW surface was consumed by the 3rd and 4th oxidations. Note that since 

the side faces of the NW are not {001} and have RIE damage, the oxide thickness on the side faces 

does not exactly equal the thickness described above. 

The shape of NWs fabricated by the procedure described in this section characterized in the next 

section. 

 

 

2.3 Characterization of nanowire shape 

 

2.3.1 Top-view observation by SEM 
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Fig. 2.1  Procedures of (a) 1st, (b) 2nd, (c) 3rh, and (d) 4th oxidation. The cooling 
rate of 30˚C/min is a set point and the actual rate was 7~10˚C/min. 
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Figure 2.2 shows the top-view images of NWs just after the resist removal following RIE 

measured by SEM, and Fig. 2.3 shows relation between the NW width measured from the SEM 

image and the patterning width (WP) defined as a set width in EB lithography. Large areas 

connected at both sides of Si NWs are necessary to easily connect Si NWs and electrodes. At this 

stage, NWs should be as narrow and straight as possible. The thickness and width of the resist on 

the NWs shrink by the proximity effect of the EB and RIE. As a result, the NW width measured 

from the SEM image was narrower than the WP (Fig. 2.3). The degree of reduction was larger for 

narrower NWs, and the Si NWs with a narrow WP below about 18 nm were etched away because of 

the resist disappearance during RIE; optimization of the residual resist is important to form narrow 

NWs. 

The EB dose, the patterning length and the width of the NWs, and the selectivity ratio and the 

time of the RIE were optimized. As a result, NW as narrow as 13 nm was successfully formed with 

a WP of 18 nm (Fig 2.2(a)). The conditions described in Section 2.2 are the optimized conditions. 

The EB dose must be minimized but be enough to completely remove the resist on the exposed area 

by developing. Although shortening the NW length increases the residual resist on the NWs, the 

sides of short NWs are not straight anymore because the round corners occupy most of the NW 

length. Even for the optimized conditions, the round parts occupied 30% of the NW length (Figs. 

2.2(a, b)). To reduce the round parts, it may be necessary that the mask covering the NW and the 

mask covering the areas connected at both sides of the NW are separately formed [10]. The 

selectivity ratio of RIE must be high, but only a low ratio of 0.57 (= Si/resist) was given. The RIE 

time must be minimized by thinning the Si film (including passivation SiO2) within possible limits. 

 

2.3.2 Cross-sectional observation by TEM 
 

Figure 2.4 shows the cross-sectional images of NWs after the 4th oxidation measured by TEM 

under conditions of a bright field imaging mode and an acceleration voltage of 300 kV. Figure 2.5 

shows high-magnification cross-sectional TEM images of the NW shown in Fig. 2.4(b). The 

topmost of the NWs was covered with an Al polycrystal. The Si-NW direction was [100]. When the 

diffraction conditions of the electron beam in the Si crystal are well satisfied, the Si image becomes 

dark. Since the thickness of TEM specimen was about 100 nm and the NW length was 100 nm, an 

image of the SiO2/Si-layer structure outside the Si NW (horizontal lines) was superimposed on the 

NW image for some specimens. The structure of the TEM sample is illustrated in Fig. 2.6. The 

SiO2/Si thickness of the outside film was 25/15 nm, which must be identified and approximately 

agreed with the value of 23.1/18.9 nm measured by spectroscopic ellipsometry (described in Section 

2.2). The thickness of TEM specimen was scattered around 100 nm among the specimens because 

precise control and measurement of the thickness is difficult. The samples without outside-film 

images are thinner than the NW length of 100 nm.  

The NW cross-sectional shape changed with a change of WP: an ellipse for 18~24 nm, a triangle 
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Fig. 2.2  Patterning width (WP) dependence of top-view SEM images of NWs just 
after the resist removal following the RIE. Acceleration voltage was 25 kV. WP is 
shown at the top. (a-d) are images for different chips. (a, b) and (c,d) are for RIE 
time of 90 sec and 100 sec, respectively. 
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Fig. 2.3  Relation between the NW width measured from the SEM image and the 
patterning width (WP). The solid line is a best-fitting line. 
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Fig. 2.4  Patterning width (WP) dependence of cross-sectional TEM images of 
NWs after the 4th oxidation. The direction of NWs was [100]. The first and 
second values in the parentheses indicate WP and cross-sectional size (W), 
respectively. The two images with a WP of 20 nm are for different NWs. 
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Fig. 2.5  High-magnification cross-sectional TEM images of the NW shown in 
Fig. 2.4(b). 
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Fig. 2.6  Illustration of the structure of the TEM sample. 
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Fig. 2.7  Relation between the NWs’ cross-sectional size (square root of area) 
measured from the TEM image and the patterning width (WP). The closed symbols 
show fitting results. 
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for 28~40 nm, and a trapezoid for 48 nm. The NWs were completely supported by the buried SiO2. 

The NW thickness (height) was thinned to a minimum of 2 nm, and the thickness of the outside Si 

film remained as thick as 15 nm. The cross-sectional size (W) of the NWs is defined as the square 

root of the cross-sectional area and was plotted as a function of WP in Fig. 2.7. The W decreased 

with a decrease in WP, and formation of an NW with a W as small as 4 nm (height: 2 nm, width: 7 

nm) was accomplished by a WP of 18 nm. 

The bottom interface of the Si NWs originates in the interface between the Si and the buried-SiO2 

films of the starting-material SOI and must be unchanged during the fabrication process. Therefore, 

the bottom interface was clear, smooth, and straight for a WP wider than about 28 nm. But the 

bottom interface with a narrow WP of 20 nm was neither clear nor smooth, and the NW slightly sank 

in the buried SiO2. The top or side interface was not also clear because of NW fluctuation, which 

probably originates in the line-edge roughness or the round parts at the corner characterized by 

SEM (Section 2.3.1). However, the fluctuation was smaller than 1 nm (Fig. 2.5). 

 

 

2.4 Discussion 

 

In this sturdy, the author has been aiming for the following: the NW height and width are nearly 

equivalent, a substrate contains NWs with different W, the W is gradually varied from several tens 

of nm to well below 10 nm, NWs are supported by buried SiO2, and the outside Si film remains as 

thick as several tens of nm. 

If NWs with different W are ordinarily formed by changing WP, the NW height might not be 

varied by changing the WP. The NW height is the same as that of the outside Si film, and initial 

thickness of the Si film must decrease using other substrates to decrease the NW height, as 

illustrated in Fig. 2.8. To overcome this difficulty, special processing for RIE where the Si film was 

not completely etched and was left by stopping the etching halfway was adopted. The formation 

process of the NWs employed in this study is illustrated in Fig. 2.9. By the oxidation following the 

halfway RIE, the upper part of Si with a narrow WP was completely oxidized from both sides, and 

the bottom remained due to no oxidation from the sides. As a result, an Si NW with a thickness 

thinner than that of the outside Si film is formed at the bottom. On the other hand, for wider WP, the 

remaining Si is almost uniformly oxidized from the surface to form trapezoidal NWs. By this 

method, the W was gradually decreased to 4 nm with decrease in WP (Fig. 2.7) and maintained 

similar height and width. 

Halfway etching is also important to support NWs on the buried SiO2. If the etching reaches the 

buried SiO2, the buried SiO2 under the Si NWs is easily etched by the BHF process after the 3rd 

oxidation. Moreover, control of BHF etching is difficult. Therefore, it is better that a thin Si film 

remains after the 3rd oxidation, by which the etching of the buried SiO2 under the Si NWs never 
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Fig. 2.8  Illustration of dependence of NW shape on patterning width (WP) and 
Si-film thickness for conventional fabrication. 
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Fig. 2.9  Illustration of formation process of NWs employed in this study. The 
figures are cross-sectional view of Si NWs, where SiO2 covering Si NWs is omitted. 
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occurs. For the process described in Section 2.2, the residual Si film was estimated to be 8-nm thick 

after RIE, and the 3rd oxidation consumed at least 6-nm-thick Si, and then about 2-nm-thick Si film 

successfully remained before the BHF process. The TEM images also indicate no under-etching. 

 

 

2.5 Summary 

 

In this chapter, a fabrication method of Si NWs, the NW shape characterized by SEM and TEM, 

and the formation mechanism were described. 

Si NWs were formed by the top-down method using EB lithography and sacrificial oxidation. By 

optimizing the EB dose, the patterning length and the width of NWs, and the selectivity ratio and 

the time of RIE, formation of NWs as narrow as 13 nm was accomplished by EB lithography. After 

downsizing by sacrificial oxidation, an ellipsoid NW with a minimum cross-sectional size (square 

root of the area) of 4 nm (height: 2 nm, width: 7 nm) was successfully formed. The cross-sectional 

size gradually decreased with decrease in the patterning width, maintaining nearly equivalent height 

and width. The halfway RIE was adopted, by which the NW thickness (height) was thinned to a 

minimum of 2 nm, while the thickness of the outside Si film remained 15 nm, and the NWs were 

completely supported by the buried SiO2. 

Si-NW MOSFETs with NWs fabricated and characterized in this chapter were characterized in 

Chaper3. 
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Chapter 3 

Electron and hole mobility in Si-nanowire MOSFETs 
 

 

3.1 Introduction 

 

Mobility plays an important role in the performance of MOSFETs, and for CMOS applications, 

both electron and hole mobility must be high. For nanowire (NW) MOSFETs, such NW structure as 

shape and crystal orientation greatly influences the mobility, because NWs have unique band 

structure (effective mass) that depends on the NW structure (Section 1.2.2). Although mobility in 

Si-NW MOSFETs has already been investigated [1-7], the cross-sectional size of the Si NWs 

generally ranges from 100 to 10 nm, where mobility is mostly explained by the combination of 

bulk-MOSFET mobility with different channel faces [1, 2, 6]. The reported values of mobility vary 

widely, which partly originates in errors of mobility evaluation. To correctly evaluate the mobility 

of NW MOSFETs, conductance and gate-NW capacitance must be accurately measured by 

eliminating parasitic capacitance and resistance. Since gate-NW capacitance is very small, many 

long NWs, for example, 1,000 NWs with a length of 2~4 μm [1, 2], are needed to increase the 

capacitance to a measurable level. However, to fabricate a NW with a length of a few μms and a 

cross-sectional size below 10 nm is very difficult. 

In this study, 100-nm-long Si-NW MOSFETs with cross-sectional size below 10 nm were 

characterized to investigate the unique mobility originating in unique band structure. Gate-NW 

capacitance was correctly calculated from the cross-sectional structure measured by TEM using a 

two-dimensional device simulator. To get more information about mobility, electron and hole 

mobilities were compared and characterized in one Si NW using a special device structure. 

 

 

3.2 Device structure and fabrication 

 

Figure 3.1 illustrates the schematic structure of the Si NW MOSFETs fabricated in this study. The 

dimensions in the parallel direction to the NW were shown in Fig. 3.1(b): the length of the NW, the 

low impurity-concentration area, the gate electrode, and the gap between the source and drain 

electrodes were 0.1, 10, 22, and 30 μm, respectively. The cross-sectional size (W, square root of 
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cross-sectional area) of the NWs was reduced from 18 to 4 nm (Figs. 2.4 and 2.7) by changing the 

patterning width (WP). The sides and top of the Si NW were covered with a 15- to 20-nm-thick 

gate-insulator SiO2 and with a gate-electrode Al. The bottom of the Si NW was supported by a 

200-nm-thick buried SiO2. The direction of the NWs, which were formed from a (001) Si-film, was 

[100] or [110]. The doping concentration in the NW remained low as the starting material of the 

p-type with a resistivity of 5~50 Ω·cm was used. To evaluate both the electron and hole transport 

characteristics in one NW, one device contained both n+ and p+ regions, and one Si NW. The device 

included parasitic factors connected to the Si-NW MOSFET in series: Si-film MOSFETs, resistance 

of n+/p+ region, and contact resistance between source/drain electrodes and n+/ p+ region. 

The fabrication procedure of NWs is described in Chapter 2 in detail. The n+/ p+ region was 

formed by P/B implantation at 17/7 keV with a dose of 1×1014/4×1014 cm−2, and implanted dopants 

were electrically activated during the 3rd and 4th oxidations (Section 2.2). A 505-nm-thick gate 

electrode was formed by Al evaporation. Hydrogen-termination treatment at the Si interfaces was 

carried out in forming gas of N2 = 0.27 slm and H2 = 0.03 slm at 450˚C for 10 min. For source and 

drain electrodes, 478/36-nm-thick Al/Ti was evaporated on n+ region and 498-nm-thick Al on p+ 

region. Contact annealing was carried out in forming gas of N2 = 0.27 slm and H2 = 0.03 slm at 

350˚C for 10 min. 

 

 

3.3 Characterization method of mobility and other 

characteristics 

 

Drain current ID of the MOSFETs can be expressed as [8] 

 
)2/(1

)2/(

DthG

DthG
m,0D VVVθ

VVV
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 , (3.1) 

 
L

VCμ
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L

Cμ
θ  , (3.3) 

by assuming the following: dependence of mobility μ on gate voltage VG (electric field) as [9-11] 

 
)2/(1 DthGμ

0

VVVθ

μ
μ


 , (3.4) 

parasitic ohmic resistance r connected to the MOSFET in series, the contribution of the Si-film 

MOSFET being negligible, and VG >> VD. COX is the capacitance of the gate-insulator SiO2 per unit 

length of NWs, L is the NW length of 100 nm, μ0 is the low field mobility, θμ is the mobility 

reduction coefficient, and Vth is the threshold voltage. Equation (3.1) is transformed to 
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Fig. 3.1  The schematic structure of the fabricated Si-NW MOSFET: (a) the 
bird’s-eye view, (b) the cross-sectional view parallel to the NW, (c) the 
cross-sectional view perpendicular to the NW, (d) The crystal faces of [110] and 
[100] NWs. The source/drain electrodes and SiO2 covering Si NWs are omitted in 
(a). The setting of the electrodes to calculate COX and CBOX is shown in (c) as bold 
lines. The crystal faces of the sides shown in (d) are high symmetry faces close to 
the actual side faces. 
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Fig. 3.3  The gate voltage (VG) dependence of (a) ID, (b) |gm|, (c) ID(|gm|)−0.5, and (d) 
θ of the [100] Si-NW MOSFET with W = 18 nm at VD = 50 mV. The open circles 
show values derived from the measured ID-VG characteristics, where θ was 
calculated using gm,0 and Vth. The closed circles show fitting results calculated using 
the parameters: gm,0,e = 1.00 μA/V, gm,0,h = 0.29 μA/V, Vth,e = −0.05 V, Vth,h = −1.01 V, 

θe = 0.39 V −1, θh = 0.29 V −1, Se = 63.5 mV/decade, and Sh = 64.1 mV/decade. 
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Fig. 3.4  The gate voltage (VG) dependence of (a) ID, (b) |gm|, (c) ID(|gm|)−0.5, and (d) 
θ of the [100] Si-NW MOSFET with W = 4 nm at VD = 50 mV. The open circles 
show values derived from the measured ID-VG characteristics, where θ was 
calculated using gm,0 and Vth. The closed circles show fitting results calculated using 
the parameters: gm,0,e = 0.50 μA/V, gm,0,h = 0.15 μA/V, Vth,e = 0.05 V, Vth,h = −1.15 V, 

θe = 0.28 V −1, θh = 0.14 V −1, Se = 63.1 mV/decade, and Sh = 62.4 mV/decade. 
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where gm is the transconductance: 
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Equation (3.1) is also transformed to 
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The gm,0 and Vth were determined using Eq. (3.5) and the θ was determined using Eq. (3.7) by fitting 

to the measured results. 

W and COX were calculated based on the structural data measured from the TEM images (Fig. 

2.4). W was defined as the square root of the cross-sectional area of the Si NWs. COX was calculated 

by a two-dimensional Poisson’s equation using a device simulator, where an infinite long NW was 

assumed and the dielectric constant in SiO2 was 3.9ε0. The calculation procedure is as follows. 

Three electrodes were set as shown in Fig. 3.1(c): a gate electrode at the top of the gate-insulator 

SiO2, an NW electrode at the interface of the Si NW, and a substrate electrode at the bottom of the 

buried SiO2. The gate and substrate electrodes were set at 0 V, and the voltage of the NW electrode 

was increased to VNW. COX was calculated from linear relationships between VNW and charge Qgate at 

the gate electrode, and buried oxide capacitance CBOX was calculated likewise: 

 
NWBOXsub

NWOXgate

VCQ

VCQ




. (3.8) 

Calculated COX and CBOX are simply geometric capacitances of SiO2, do not include the capacitance 

inside the Si NW [12-14], and independent of the voltages of the three electrodes following 

principle of superposition [15]. 

From the subthreshold characteristics, subthreshold threshold-voltage Vth,sub was determined as 

gate voltage at ID = 1×10−11 A and subthreshold swing S as 
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 . (3.9) 

 

 

3.4 Device characterization and discussion 

 

 

3.4.1 Gate characteristics 
 

Figures 3.3 and 3.4 show the typical VG dependence of ID, gm, ID(gm)−0.5, and θ for thick (W = 18 
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nm) and thin (W = 4 nm) [100] NW MOSFETs at room temperature, respectively. The drain voltage 

VD was set at 50 mV, and the substrate voltage was fixed at 0 mV. Open circles show the values 

derived from measured ID-VG characteristics, where θ was calculated from Eq. (3.7) using the 

determined characteristics of gm,0 and Vth. Closed circles show the fitting results calculated from Eqs. 

(3.1)-(3.7) using the determined parameters of gm,0, Vth, and θ. For VG > −0.5 V, the MOSFET works 

as an n-channel MOSFET, and ID is carried by electrons. For VG < −0.5 V, the MOSFET works as a 

p-channel MOSFET, and ID is carried by holes. The MOSFET characteristics can be expressed by 

the model described in Section 3.3: experimental ID(gm)−0.5 was changed linearly with VG and θ 

calculated from Eq. 3.7 using measured ID-VG characteristics was almost constant with VG. 

Subthreshold ID was well expressed by an exponential function of VG. 

 

3.4.2 Parasitic resistance and gate-voltage dependence of mobility 
 

Figure 3.5 shows WP dependence of θ of [100] NW MOSFETs at room temperature. The θ for 

n-/p-channel conduction is specified by subscript “e”/“h.” Average value of θe and θh for all WP 

were 0.33 and 0.31 V −1, respectively, which is similar to θμ (= 0.27 V −1) of bulk-Si MOSFETs with 

a 20-nm-thick gate-SiO2 [11] and θμ (= 0.29 V −1) of Si-NW MOSFETs with a 3.5-nm-thick 

gate-SiO2 [16], which indicates that parasitic resistance (r) is negligible and that θμ (VG dependence 

of mobility) takes a similar value to that of bulk MOSFETs even for small W. The θh may decrease 

with a WP decrease, but the decrease was within the range of experimental dispersion. To reduce 

parasitic resistance, thickening of Si film connected to the Si-NW is important, and the thickness 

was 15 nm (Section 2.3.2). 

 

3.4.3 Gate-insulator capacitance 
 

Figure 3.6(a) shows WP dependence of COX and CBOX of [100] NW MOSFETs calculated from the 

cross-sectional structures (Fig. 2.4). Both COX and CBOX gradually decreased with a WP decrease. 

The CBOX was much smaller than COX, and the ratio CBOX/COX is shown in Figure 3.6(b). The ratio 

CBOX/COX was about 0.05. 

 

3.4.4 Derivation of cross-sectional size dependence of mobility and 
threshold voltage 
 

Figures 3.7 and 3.8 show WP dependence of gm,0 and Vth, respectively, of [100] NW MOSFETs at 

room temperature determined from the method described in Section 3.3. The values of the 

MOSFETs that measured and worked normally (measured devices) are shown as open symbols. 

Both gm,0 and Vth gradually changed with a WP decrease, and the experimental dispersion was small. 

To derive W dependence of mobility and threshold voltage, W and COX are needed. Since the 
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Fig. 3.5  The patterning width (WP) dependence of the (a) θe (n-channel) and (b) θh 
(p-channel) of the [100] Si-NW MOSFETs. 
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Fig. 3.6  (a) The capacitance COX and CBOX calculated for the “TEM samples” 
based on the structural data measured from the TEM images, and (b) The ratio 
CBOX/COX. The closed symbols show a fitting result. 
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Fig. 3.7  The patterning width (WP) dependence of the gm,0 of the [100] Si-NW 
MOSFETs (“measured devices”). The closed symbols show fitting results. 
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Fig. 3.8  The patterning width (WP) dependence of the threshold voltage (Vth) of the 
[100] Si-NW MOSFETs (“measured devices”). The closed symbols show fitting 
results. 
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structure was measured only for ten NW MOSFETs (TEM samples), W dependence of mobility and 

threshold voltage can be derived only for TEM samples. Since determining the trend of W 

dependence from few TEM samples is difficult, additional data was derived as follows. The 

approximate relations of W-WP (closed symbols in Fig. 2.7) and COX-WP (closed symbols in Fig. 

3.6(a)) were determined by fitting them into the results of TEM samples (open symbols). On the 

other hand, the approximate relations of gm,0-WP (closed symbols in Fig. 3.7) and Vth-WP (closed 

symbols in Fig. 3.8) were determined by fitting them into the results of measured devices (open 

symbols). Then the approximate relations of μ0-W, Vth-W, and so on were calculated from the 

approximate relations of W-WP, COX-WP, gm,0-WP, and Vth-WP and were plotted in Figs 3.10, 3.14, 

and 3.16 as gray symbols. That is, the gray symbols show the approximate values, not for the TEM 

samples, but for the measured devices. On the other hand, the W dependence of μ0, Vth, and so on for 

TEM samples which was derived by using their own W and COX (open symbols in Figs. 2.7 and 

3.6(a)) was plotted in Figs 3.10, 3.14, and 3.16 as open symbols. 

 

3.4.5 Subthreshold swing and threshold voltage shift by quantum 
confinement effect 
 

Figure 3.9 shows WP dependence of S of [100] NW MOSFETs at room temperature. The S for 

n-/p-channel conduction is specified by subscript “e”/“h.” Se and Sh were about 63 mV/decade at 

293 K and almost unchanged with a WP decrease. The value of 63 mV/decade is very close to the 

minimum value of 58.1 mV/decade (= (ln10)kT/e). The degradation from the minimum value partly 

originates in a substrate effect. The NW channel is not completely surrounded by the gate electrode, 

and the bottom part faces the substrate. For a long-channel MOSFET, S, considering the substrate 

effect, is given by [17, 18] 

 OXBOX /1 CCm  , (3.10) 

where 

 
kT

e
Sm

)10(ln
 . (3.11) 

The S (m) calculated using Eqs. (3.10) and (3.11) and the capacitance (Fig. 3.6) was about 61 

mV/decade (1.05) for all the W. The additional degradation of 2 mV/decade probably originates in 

the interface traps. 

Figure 3.10(a) shows W dependence of Vth and (Vth,e+Vth,h)/2 of [100] NW MOSFETs at room 

temperature and Fig. 3.10(b) shows W dependence of Vth,e−Vth,h, where the quantities for 

n-/p-channel conduction was specified by subscript “e”/“h.” The Fermi level EF in the Si channel 

near the MOS interface at VG = 0 should lie slightly below the conduction band minimum EC 

(EC−EF ≈ 0.1 eV) in consideration of the work function difference between channel Si and gate Al 

[19]. The MOSFETs turn on as an n-channel MOSFET when EF rises to a level slightly below the 

EC and turn on as a p-channel MOSFET when EF falls to a level slightly above the valence band 
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Fig. 3.9  The patterning width (WP) dependence of the subthreshold swing (a) Se 
(n-channel) and (b) Sh (p-channel) of the [100] Si-NW MOSFETs. The minimum 
value of 58.1 mV/decade (= (ln10)kT/e) is shown as a broken line. 
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maximum. For MOSFETs with large W, with which the electronic states in the Si-NW channel 

remain bulk states, Vth,e and Vth,h were −0.05 V and −1.00 V, respectively, as shown in Fig. 3.10(a). 

Then, Vth,e−Vth,h is 0.95 V (Fig. 3.10(b)), which is slightly smaller than the bulk band-gap (1.12 eV). 

The results indicate that the charges in the gate-SiO2 and/or trapped at the interface are negligible. 

The Vth,e gradually increased with a W decrease, and Vth,h decreased. The Vth shift undoubtedly 

results from the band-edge shift by quantum confinement effect [20]. The degree of the Vth,e shift 

was smaller than that of the Vth,h shift, which can be grasped from the small decrease of (Vth,e + 

Vth,h)/2 (Fig. 3.10(a)). The result is valid because the electron effective mass in the confinement 

direction (0.98m0) is larger than that of the holes (0.53m0). 

For the subthreshold region, the change of Fermi level ΔEF in the Si channel is related to the 

change of gate voltage ΔVG as [21] 

 GF ΔΔ VeEm  . (3.12) 

Then band-gap shift Eg,NW − Eg,bulk is given by 

 bulkhth,eth,NWhth,eth,bulkg,NWg, )()()( VVeVVeEEm  , (3.13) 

and was plotted in Fig. 3.11 as a function of W, where (Vth,e−Vth,h )bulk was set at 0.95 V and m (S) 

was set at the average values of 1.09 (63 mV/decade) for all MOSFETs. Band-gaps of [100] 

Si-NWs calculated by tight-binding method [22, 23], density functional theory [24], and effective 

mass approximation (Section 1.2.2) are also plotted. The band-gap shift derived from the 

threshold-voltage shift well corresponded to the shifts calculated theoretically. Figure 3.12 

illustrates the band structure of Si NWs. 

Figure 3.13 shows relationship between Vth and Vth,sub. The Vth and Vth,sub had a linear relationship, 

the difference between Vth,sub and Vth was equivalent among the devices for both n- and p-channel 

conductions, and the value of the difference was about 0.23 V. Therefore, a equivalent band-gap 

shift is derived by using Vth,sub instead of Vth. 

 

3.4.6 Size and temperature dependence of mobility and comparison 
between electron and hole mobility 
 

Figure 3.14 shows W dependence of μ0,e and μ0,h of [100] NW MOSFETs at room temperature, 

where the mobility of electrons/holes was specified by subscript “e”/“h.” The μ0,e and μ0,h increased 

with a W decrease to about 9 nm, but decreased with a W decrease from about 9 to 4 nm. The slow 

increase for W > 9 nm probably originates in an error by ignoring the Si-film MOSFETs. By the 

error, μ0 is underestimated and the degree of the underestimation is larger for thicker NWs. 

The mobility decrease for W < 9 nm probably originates in the increase of the surface-roughness 

scattering in Si NWs. The temperature dependence of μ0,e and μ0,h is shown in Fig. 3.15(a), and the 

ratios at 200 K and 400 K (μ0,200K/μ0,400K) are shown in Fig. 3.15(b), where the ratios of bulk 

MOSFETs are also shown [25]. For both μ0,e and μ0,h, mobility increased with decrease of 

temperature and μ0,200K/μ0,400K was similar to that of bulk MOSFETs, which indicates that phonon 
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Fig. 3.11  The cross-sectional size (W) dependence of the band-gap of [100] 
Si-NWs calculated from the threshold-voltage shift of the MOSFETs: the open 
circles show the results for the “TEM samples” and the gray closed circles show a 
fitting result for the “measured devices.” Band-gaps of [100] Si-NWs calculated by 
tight-binding method (TB) [22, 23], density functional theory (DFT) [24], and 
effective mass approximation (EMA) (Section 1.2.2) are also plotted. 
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Fig. 3.12  Illustration of the band structure of Si NWs. 
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scattering is dominant. The temperature dependence became small with a W decrease to below 9 nm, 

which can be easily grasped from the decrease of μ0,200K/μ0,400K. Since the temperature dependence 

of the mobility becomes small when the surface-roughness scattering becomes strong [26], the 

decrease of μ0,200K/μ0,400K with a W decrease indicates that the surface-roughness scattering becomes 

strong with a W decrease. The decrease of the μ0,200K/μ0,400K of the holes was larger than that of 

electrons, which indicates that the hole-mobility degradation by the surface-roughness-scattering 

increase is more severe than that for the electrons. 

Figure 3.16 shows W dependence of mobility ratio μ0,h/μ0,e at room temperature. By evaluating 

the ratio, changes not observed in the μ0 itself were detected. The mobility ratio increased with a W 

decrease for W > 7 nm and decreased with a W decrease for W < 7 nm. The change for W > 7 nm 

can almost be explained by the confinement effect by an electric field perpendicular to a channel 

face, which was induced by gate voltage. The electric-field-confinement effect was observed for 

bulk MOSFETs as mobility differences depending on channel faces [16, 27]. Fig. 3.17(a) shows 

bulk-MOSFET mobility on {100}, {110}/<001>, and {111} [27], and Fig. 3.17(b) shows the ratio 

of electron and hole mobilities calculated from the results in Fig. 3.17(a). The ratios are 0.24 for 

{100}, 0.33 for {110}/<001>, and 0.35 for {111}, which are the average values for 2×1011 cm−2 < 

Ninv < 2×1012 cm−2. 

The cross-sectional shape of the NW with W = 18 nm was a trapezoid, and the channel faces 

consisted of a top face {100} and side faces. On the other hand, the NW shape with 7 nm < W < 12 

nm was a triangle, and the channel faces consisted of only side faces. The crystal faces of the sides 

are not high symmetry faces but are close to {110} for both trapezoidal and triangular NWs. If the 

confinement conditions of carriers in the NW MOSFETs are the same as that in bulk MOSFETs, the 

mobility ratio of each face in NW is the same as that of bulk MOSFET with the same crystal face. 

That is, the ratio of trapezoidal-NW MOSFETs should be the weighted average of the ratios of bulk 

MOSFETs on {100} (0.24) and {110} (0.33), and the ratio of triangular-NW MOSFETs should be 

the ratio of bulk MOSFETs on {110} (0.33). The actual values agree well with the values derived by 

assuming the same confinement conditions as that in bulk MOSFETs. Therefore, carriers in NW 

MOSFETs with W > 7 nm would be confined to the interface of Si NWs like carriers in bulk 

MOSFETs. Although the NW remained triangular for 7 nm < W < 12 nm, the ratio slowly increased 

with a W decrease. The increase probably originates in the effects of the Si-film MOSFETs. Since 

the channel face of the Si-film MOSFETs is {100}, the ratio of the Si-film MOSFETs is 0.24. Then 

the ratio of triangular-NW MOSFETs is the weighted average of the ratios on {110} 

(triangular-NW) and {100} (Si-film). Since the effects of the Si-film MOSFETs decreases with a W 

increase, the ratio of triangular-NW MOSFETs increases to 0.24 with a W increase, despite keeping 

the triangular shape. 

The ratio decrease for W < 7 nm cannot be explained by the ratios of bulk MOSFETs, which 

indicates a further change of the confinement states of carriers; volume inversion must be embodied, 

and the decrease may originate in the unique band structure of NWs. Volume inversion means that 
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Fig. 3.14  The cross-sectional size (W) dependence of the mobility (μ0) of the [100] 
Si-NW MOSFETs. The open symbols show the results for the “TEM samples.” The 
gray closed symbols show fitting results for the “measured devices.” 
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Fig. 3.16  The cross-sectional size (W) dependence of the mobility ratio μ0,h/μ0,e of 
the [100] Si-NW MOSFETs. The open symbols show the results for the “TEM 
samples,” the gray closed symbols show a fitting result for the “measured devices,” 
and broken lines show the ratio of bulk MOSFETs averaged for 2×1011 cm−2 < Ninv < 
2×1012 cm−2 [27]. 
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the NW size is smaller than the channel thickness, and that carriers are confined not by electric 

fields but by a SiO2 potential surrounding the Si NW and are distributed throughout the NW. Figure 

3.18 illustrates the carrier-confinement conditions. The size (W = 7 nm) that the mobility ratio 

μ0,h/μ0,e started to decrease was close to the size (W = 9 nm) that the mobility μ0,e and μ0,h started to 

decrease. This result indicates that the carriers under the volume inversion condition are confined 

nearer to the surface than those under the electric-field-confinement condition and surface- 

roughness scattering increases, which is opposite result to expectation in Ref. 28. However, the 

calculation in Ref. 29 shows that volume inversion is realized for W < 5~10 nm at VG = Vth, which is 

well consistent with my result. 

Carrier concentration (Ninv) per channel area was estimated to compare with that in bulk 

MOSFETs by 

 
C

thGOX
inv

)(

eW

VVC
N


 , (3.14) 

where the values of COX = 100~150 pF/m and WC = 7~30 nm (channel width) was used. The 

estimated Ninv was 9×1011~3×1011 cm−2 for VG−Vth = 0.1 V and 2×1013~6×1012 cm−2 for VG−Vth = 2 V. 

Therefore, NW MOSFETs were evaluated at similar carrier concentration to bulk MOSFETs. 

 

3.4.7 Comparison between [100]- and [110]-nanowire MOSFETs 
 

Figures 3.19 shows the (a) gm,0, (b) μ0,h/μ0,e, (c) Vth, and (d) the Vth,e−Vth,h of [110]- and [100]-NW 

MOSFETs at room temperature, where gm,0 and WP were used instead of μ0 and W because TEM 

observations were not performed for [110]-NW MOSFETs. All the quantities for the two directions 

agreed well. 

The shapes of the [110] and [100] NW will be the same for the following reason. Only the 

oxidation process depends on crystal orientations. The crystal faces of [110]- and [100]-NW 

surfaces are shown in Fig. 3.1(d). The top faces for the [110] and [100] NWs are identical and are 

oxidized equally. On the other hand, the side faces are different, but they are probably oxidized 

similarly because the oxidation rates of {110} and {111} are almost the same [1,2,3]. 

The band gaps of <100> and <110> NWs are predicted as Eg,<100> > Eg,<110> based on theoretical 

calculations (Fig. 1.11). Vth,e−Vth,h for [110] may be slightly smaller than that for [100] around WP = 

22 nm, but the difference was within the range of experimental dispersion. It is reasonable that the 

gm,0 and μ0,h/μ0,e of [110]-MOSFETs with a triangular or trapezoidal NW (WP > 26 nm) agrees with 

that of [100]-MOSFETs with the same NW shape, because the bulk mobility on {110}/<001> and 

{111} is almost the same for both electrons and holes (Fig. 3.17(a)). Since the anisotropy of the 

effective mass between [100] and [110] NWs is predicted to be large, especially for holes, based on 

the theoretical calculations (Fig. 1.12), anisotropy should emerge for gm,0 and μ0,h/μ0,e for WP < 26 

nm (volume inversion condition), which is inconsistent with the actual results. 
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Fig. 3.18  Illustration of the confinement conditions of carriers by the 
cross-sectional view perpendicular to the NW. The solid line shows the interface of 
the Si NW. Carriers are distributed in the dot-pattern areas. 
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Fig. 3.19  The patterning width (WP) dependence of (a) the gm,0, (b) the μ0,h/μ0,e, (c) 
the Vth, and (d) the Vth,e−Vth,h of the [110]- and [100]-NW MOSFETs (“measured 
devices”). 
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3.5 Summary 

 

Si-NW MOSFETs, whose cross-sectional size (W) of NW was changed from 18 nm to 4 nm, 

were characterized. Both n- and p-channel MOSFETs showed good gate control with a nearly ideal 

subthreshold swing of 63mV/decade. Considering threshold voltage (Vth) and subthreshold swing 

(S), the charges in the Gate-SiO2 and the interface states were negligible. The Vth shift was observed 

and can be explained by the band-edge shift by the quantum confinement effect. Mobility (μ0) was 

evaluated from the gate characteristics (ID-VG) using gate-insulator capacitance (COX) calculated 

from the cross-sectional structure measured by TEM. The W dependence of the ratio of the electron 

and hole mobility (μ0,h/μ0,e) indicated two types of carrier conditions: electric-field-confinement and 

volume-inversion. Under the electric-field-confinement condition (W > 7 nm), the mobility was 

explained by the combination of bulk-MOSFET mobility with different channel faces. Under the 

volume-inversion condition (W < 7 nm), μ0 decreased, and the decrease probably originates in the 

increase of the surface-roughness scattering. The μ0,h/μ0,e ratio decreased remarkably, which may 

originate in the unique band structure of NW. [100]- and [110]-NW MOSFETs were characterized 

and no anisotropic characteristics were observed, which is inconsistent with the 

theoretically-expected large differences of the hole effective mass between [100] and [110] NWs. 
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Chapter 4 

Mobility oscillation in Si-nanowire MOSFETs 
 

 

4.1 Introduction 

 

In the nanowires (NWs), the carriers are confined in the perpendicular direction to the electrical 

conduction by the electric potential, and one-dimensional electronic transport is expected. The 

conduction and valence bands are divided into subbands, and the density of states (DOS) consists of 

superposition of each subband’s DOS, which is proportional to E −0.5. The DOS, therefore, shows 

oscillation with change of the electron energy [1, 2]. By the subband splitting, the decrease of the 

conductivity effective mass or intervalley scattering, both of which result in the increase of the 

mobility, is expected [3]. To fully utilize these effects, it is important to clarify the subband 

structure: band-edge energy and effective mass of each subband. 

Oscillation in the drain current with the gate voltage at low drain voltage (VDS = 0.2 mV) below 

28 K for trigate MOSFETs with the fin width and height of 45 nm and 82 nm, respectively, has been 

reported [1, 4]. Similar oscillation has been also reported at higher drain voltage (VDS = 50 mV) and 

higher temperature (≤ 137 K) for about 7 nm triangular gate-all-around MOSFETs [2]. It has been 

explained that the dip of the drain current is due to inter-subband scattering and to the limited 

increase of the electron concentration with the gate voltage, when the first subband is almost filled 

but the second subband is still empty. However, a quantitative analysis has not been made, and the 

origin of the oscillation has not been revealed yet. 

In this chapter, drain-current oscillation in fabricated Si-NW MOSFETs has been characterized, 

and the one-dimensional carrier-transport in the Si NW has been analyzed assuming that the 

one-dimensional electronic states and the acoustic phonon scattering. 

 

 

4.2 Experimental evidence of oscillation up to room temperature 

characterized by transconductance 

 

Figure 4.1 shows the drain current (IDS) versus gate voltage (VGS) characteristics, and Fig. 4.2 
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shows the transconductance (gm) versus gate voltage (VGS) characteristics. Both figures show 

characteristics for the p-channel [100] Si-NW MOSFET that showed clear transconductance 

oscillation, where the cross-sectional shape of the NW was nearly rectangular with cross-sectional 

size (W, square root of cross-sectional area) of W = 6 nm (18-nm-width and 3-nm-height). The 

MOSFET structure and fabrication process are equivalent to that described in Chapter 3. The 

substrate voltage was fixed at 0 V for all the electrical measurements. In Fig. 4.2(a), temperature 

was changed from 101 K to 396 K, and the drain voltage was fixed at −50 mV. Figure 4.2(b) shows 

the normalized transconductance (−gm/VDS) at 101 K, where the drain voltage was changed from 

−10 mV to −1 V. 

At the high gate voltage, the drain current increased with decrease of the temperature, indicating 

that the phonon scattering is dominant. Although oscillation was not clear for drain current, 

significant oscillation was observed for transconductance. Although the magnitude of the oscillation 

became smaller with increasing temperature or drain voltage, clear oscillation can be seen up to 309 

K at −50 mV. The gate voltages of local maxima/minima for the transconductance showed very 

little change with temperature or drain-voltage change. 

Figure 4.3 shows the gm of various p-channel and n-channel Si-NW MOSFETs at 100 K and |VDS| 

= 50 mV, where two types of devices of “A” and “B” with slightly different structures and 

fabrication processes are shown. For the devices A, the fabrication process was not refined in 

comparison with that of devices B and had larger fluctuation of Si NW, which would result in the 

increase of surface-roughness scattering and small transconductance. Oscillation is clear for W = 

4~6 nm but unclear for W = 7 nm; oscillation appears for W < about 6 nm at 100 K. Although 

oscillation feature varied with device, three features can be grasped. The first peak of gm (right after 

turning on channel) was relatively large especially for n-channel MOSFETs. The oscillation was 

unclear for large gate voltage. The gm of p-channel MOSFETs showed more oscillations than that of 

n-channel MOSFETs, which may originate in complex valence band structure. 

The kinks of the drain current at 101 K are similar to those reported in Ref. 2, where the 

cross-sectional size of the NW is similar. The oscillation observed in this study may be, therefore, 

the same phenomenon as that in Ref. 2. It is not clear in Ref. 2 whether the oscillational 

characteristics were observed at room temperature because the transconductance is not shown. The 

oscillational characteristics may be very small at room temperature and can be only observed in the 

transconductance. Measurements under reduced-noise condition have enabled to observe 

oscillational characteristics even at room temperature. 

 

 

4.3 Model of carrier transport in Si nanowires having 

one-dimensional density of states 
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Fig. 4.1  Gate characteristics of the Si-NW MOSFET with W = 6 nm that showed 
clear transconductance-oscillation. The temperature was changed from 101 K to 396 
K, and the drain voltage was fixed at −50 mV. The drain currents are shift by 50 nA 
for every measured temperature. The arrows show peaks of the slope. 



 64 

 
 

-3 -2.5 -2 -1.5 -1
0

0.02

0.04

0.06

0.08

0.1

0.12

VGS   (V)

g m
   

(
A

/V
)

VDS = 50 mV

101 K
204 K
309 K
396 K

(a)

-3 -2.5 -2 -1.5 -1
0

0.5

1

1.5

2

2.5

3

VGS   (V)

g
m
 / 

V
D

S
   

(
A
V

 -
2 )

T = 101 K

VDS = 10 mV
VDS = 100 mV
VDS = 1 V(b)

 
Fig. 4.2  (a) Gate voltage dependence of transconductance gm of the same Si-NW 
MOSFET as shown in Fig. 4.1, where the temperature was changed from 101 K to 
396 K, and the drain voltage was fixed at −50 mV. The arrows show peaks of 
oscillation. (b) Gate voltage dependence of normalized transconductance gm at 101 
K. The drain voltage was changed from −10 mV to −1 V. 
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Fig. 4.3  Gate voltage dependence of transconductance gm of various (a) p-channel 
and (b) n-channel Si-NW MOSFETs at 100 K and |VDS| = 50 mV, where two types of 
devices of “A” and “B” with slightly different structures and fabrication processes 
are shown. 
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4.3.1 Detail of the model 
 

To explain the oscillation of the drain current or transconductance, a theoretical model for the 

carrier transport in the Si-NW MOSFETs is proposed in this section. The mobility is determined by 

carrier scattering, assuming the carriers to be confined in a one-dimensional NW. Then to obtain the 

transconductance, the dependence of the carrier concentration and mobility on the gate voltage is 

calculated. Although the model about hole transport is presented to compare with clear oscillation 

observed for p-channel MOSFETs, the model can also be applied to the electron transport.  

For simplicity, the mobility determined by the longitudinal acoustic phonon scattering is 

considered, and it is assumed that the phonon states in the NW are the same as those in bulk [5]. 

The displacement of atoms at the position r is given by [6] 

   
β

βββ
β

rβrβeu )exp()exp(
2

† iaia
ωΩρ

  (4.1) 

and the scattering potential by [7] 

 u
r





 ADU , (4.2) 

where ρ (2.33×103 kg/m3) is the mass density of Si lattice, Ω is the bulk volume, β is the wave 

number vector of phonons, ωβ is the angular frequency of phonons, eβ is the unit vector which is 

parallel to u, aβ and aβ
† are the creation and annihilation operators of phonons, respectively, and DA 

(5.0 eV for holes) is the acoustic deformation potential [8]. 

It is assumed that the NW is rectangular in the cross section. The crystalline orientations and the 

coordinate axes are set as shown in Fig. 4.4. The Schrödinger equation with the effective mass 

approximation is used to describe the wave function in the NW. The infinite quantum well of width 

Wy and Wz in the y- and z-directions, respectively, and infinitely large width Wx in the x-direction are 

assumed. For the holes, two valence-band-maxima, whose constant energy surfaces in the 

momentum space are approximated as the spheres with the heavy-hole effective mass m*H (0.49 m0) 

and with the light-hole effective mass m*L (0.16 m0), are considered (m0 is the electron mass). For 

simplicity, the scattering between the heavy-hole and light-hole bands is ignored. The solution of 

the Schrödinger equation is given by 
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Fig. 4.4  Shape and crystalline orientations of the NW and the coordinate axes for 
calculation. The NW is rectangular in cross section. 
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for l = x, y, z and j = y, z, where m*l is the effective mass and the energy of the valence-band 

maxima of bulk is fixed at zero. The DOS is given by 
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as the sum of the one-dimensional DOSs of subbands labeled ky, kz 
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The none-zero matrix elements of the scattering potential between the states k’ and k are obtained 

from Eq. (4.2) and (4.3) by [7] 
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where 

 xxx βkk '  (momentum conservation), (4.11) 
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for j=y, z. Here, the upper/lower of the double sign corresponds to absorption/emission of one 

phonon of the state β, and Nβ is the number of phonons of the state β. The transition rate from the 

state k to k’ by the absorption/emission of the phonon β is given from the Fermi’s Golden Rule and 

Eq. (4.10) [7]: 
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 . (4.13) 

The inverse of the relaxation time of the state k is given by summing the transition rate over all the 

final states, using the relaxation time approximation assuming that the phonon scattering is elastic 

and isotropic [7]: 

  
 zy ββ

Sτ
,//,'

)  , ,'()(/1 βkkk
k

, (4.14) 

where the summation over “±” represents the sum of the absorption and emission, and  “k’, //” 

represents the sum over the states k’ whose spin is parallel to that of the initial state k. Furthermore, 

the following approximations were used to work out Eq. (4.14). 
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where vP is the velocity of the longitudinal acoustic phonon (9.04×103 m/s [7, 8]). Equation (4.14) 

then results in [7] 
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 To determine 1/τ(k) as a function of the energy E, we assumed the Kronecker’s δ to be unity in Eq. 

(4.18). Then, Eq. (4.18) can be simplified to 
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Although this approximation overestimates the contribution to 1/τ(k) by the inter-subband scattering, 

it may by reasonable for small NWs, in which the subband splitting is so large that the DOSs of the 

subbands hardly overlap with each other. 

The carrier concentration in the NW is given by 
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as a function of the Fermi level EF, where f is the Fermi distribution function expressed by 
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The average relaxation time for the energy E is given from the Boltzmann’s transport equation as 

[7] 
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and the mobility can be calculated by 
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After determining p(EF) and μ(EF) of the each band-maximum as a function of EF, the total carrier 

concentration and the average mobility are obtained as follows: 
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where the index m labels the heavy-hole and light-hole bands. 

On the other hand, the gate voltage is given by [9] 

  F0FOXFBGS
1

EE
e

VVV  , (4.27) 

where VFB is the flatband voltage, EF0 is the Fermi level in the NW at VGS − VFB = 0, and 

 
OX

OX C
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V zy . (4.28) 

The gate SiO2 capacitance COX per unit length of the NW was calculated as described in Section 3.3. 

In the calculation for any size of NWs in this chapter, COX was fixed at 100 pF/m. Equation (4.27) is 

transformed into 

 FOXF0FBGSFGS
11

)(' E
e

VE
e

VVEV  . (4.29) 

Thus, VGS’(EF) can be determined as a function of EF, and the carrier concentration p and mobility μ, 

therefore, can be determined as a function of VGS’ through EF. 

 

4.3.2 Calculation of carrier mobility and concentration 
 

The hole transport characteristics of the Si-NW with cross-sectional size of W = 5 nm (Wy = 9 nm 

and Wz = 3 nm) at 100 K were calculated using the model. Figure 4.5 shows the calculated (a) DOS 

g(E) versus E, and (b) relaxation time τ(E) versus E and average relaxation time <τ>(EF) versus EF. 

The relaxation time is in inverse proportion to g(E) according to Eq. (4.20), and <τ>(EF) is almost 

the average of τ(E) at around E = EF. The average relaxation time, then, oscillates because of the 

oscillation of DOS. For instance, the decrease of <τ>(EF) near −0.12 eV originates from the increase 

of DOS by the second subband, namely from the increase of both inter-subband scattering from the 

first to second subband and intra-subband scattering from the second to second. 

Figure 4.6 shows the calculated carrier concentration p and mobility μ versus (a) EF and (b) VGS’ 

with W = 5 nm at 100 K. Figure 4.7 shows relation between EF and VGS’. The p and VGS’ do not 

change linearly and slightly oscillate with EF. But the p change linearly with VGS’, which is 

reasonable because slight oscillation of p-EF relation is canceled by slight oscillation of VGS’-EF 

relation and p changes with VGS’ obeying an approximated equation 

 dp
C

WeW
EdV zy

OX
FGS )('   (4.30) 

at high concentration and high temperature. On the other hand, the mobility, which is in proportion 

to <τ>(EF), shows clear oscillation with change of EF or VGS’. 
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Fig. 4.5  (a) Calculated density of states g(E) and (b) relaxation time τ(E) versus E 
and average relaxation time <τ>(EF) versus EF with W = 5 nm at 100 K. 
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Fig. 4.6  Calculated carrier concentration p and mobility μ versus (a) EF and (b) 
VGS’ with W = 5 nm at 100 K. 
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Figure 4.8 shows (a) the cross-sectional size (W) and (b) the temperature dependence of the 

calculated transconductance (gm) plotted as a function of VGS’. The magnitude of the oscillation 

increases with a decrease of temperature or cross-sectional size. Oscillation at 100 K is clear for W 

= 5 nm but unclear for W = 7 nm; oscillation appears for W < about 6 nm at 100 K. The peak 

positions of the oscillation are unchanged with temperature change. 

The model shows that the transconductance oscillation originates from the periodic variations in 

the mobility (scattering rate) caused by one-dimensional DOS ( E −0.5), and one set of peak and 

valley of the oscillation corresponds to one subband. 

 

 

4.4 Comparison of oscillation feature between theoretical and 

experimental results 

 

The calculation result that transconductance (gm) at 100 K shows the oscillation for W < about 6 

nm, agrees well with the experimental result, which indicates that the model is reasonable. The 

period of the oscillation in the experiment (0.2~0.4 V) at 100 K is smaller than that in the 

calculation (about 1.2 V). The assumption of the infinite quantum well overestimates the energy of 

the subband splitting, and the simplified symmetrical band structure underestimates the number of 

subbands. These factors may be the reason why the experimental period of the oscillation is smaller 

than the calculated period. Maximum/minimum ratio of the oscillation in the experiment (about 2 

for W = 4~6 nm) is similar to that in the calculation (about 3 for W = 5 nm). 

The absolute value of gm in the calculation is about 100 times larger than that in the calculation, 

probably because the model assumes only longitudinal acoustic phonon scattering, which is a part 

of actual carrier scattering. However, equivalent oscillational feature will be reproduced if the 

carrier scattering is elastic and isotropic. 

 

 

4.5 Summary 

 

Si-NW p-channel MOSFETs, in which the cross section of the NW was a rectangular shape with 

W = 6 nm (height: 3 nm, width: 18 nm), showed clear transconductance-oscillation up to 309 K. The 

magnitude of the oscillation became larger with decreasing temperature or drain voltage. To reveal 

the physical origin of the oscillation, a theoretical model for the carrier transport in the Si-NW 

MOSFETs, assuming one-dimensional electronic states and phonon scattering, was proposed. The 

calculation showed that transconductance at 100 K shows the oscillation for W < about 6 nm, which 
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Fig. 4.8  Calculated transconductance gm versus VGS’ for MOSFETs, (a) with 
different NW sizes at 100 K, and (b) with NW size of W = 5 nm at different 
temperatures. 
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agrees well with the experimental result. From the theoretical model, it is indicated that the 

oscillation originates from the periodic variations in the mobility (scattering rate) caused by 

one-dimensional DOS ( E −0.5). 
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Chapter 5 

Electronic states and optical properties in Si-nanowires 

calculated by density functional theory 
 

 

5.1 Introduction 

 

Si-based light emitters have been in strong demand to merge photonics into Si-based electronics 

[1, 2]. Si nanostructures are promising candidates because improvement in luminous efficiency by 

quantum confinement effects is expected [3, 4]. However, the actual external-quantum-efficiency of 

the nanostructures (≤ 10−2 [5]) remains as low as the bulk’s efficiency [6, 7]. Since the factors 

dominating the efficiency are not only band-to-band radiative recombination but also nonradiative 

recombination such as transitions related to interfacial states, the nonradiative transitions may 

degrade the luminous efficiency in the Si nanostructures. However, it is necessary to reveal the 

band-to-band transition rate in the Si nanostructures. 

Si nanowires (NWs) are one of the Si nanostructures and would have the unique anisotropy of 

luminescence. By folding the bulk Si band on the axes parallel to the wire directions, the energy 

bands of <100> and <111> Si wires turn to direct and indirect bandgap, respectively. This view 

roughly corresponds to the results of theoretical calculations for NWs with 1~2 nm diameter [8, 9]. 

Thus, the <100> NWs are promising for efficient light emission. However, it was predicted that the 

dipole matrix element of the first direct transition at the Γ point of a 2-nm-diameter <100> Si-NW is 

10−5~10−4 times smaller than that of bulk GaAs [10]. It should be noted that the band-to-band 

transition rate is proportional to both the dipole matrix element and the density of states (DOS). 

Since the band-edge DOS of one-dimensional structures ( E −0.5) may be much larger than that of 

three-dimensional structures ( E 0.5), both the dipole matrix element and the DOS need to be 

calculated. The optical properties such as the imaginary part of the dielectric function (εi) or 

absorption coefficient (α) have also been calculated for Si NWs [11-14]. In these studies, the optical 

properties near the bandgap energy (Eg) are almost zero but are not revealed quantitatively. 

In this study, the optical properties near the Eg of <100> and <111> Si-NWs and their dependence 

on NW cross-sectional size have been calculated by density functional theory. 
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5.2 Calculation method 

 

The band structure, DOS, and optical properties of Si NWs oriented along either [100] or [111] 

were calculated by using the CASTEP code [15, 16] that employs the density functional theory 

(DFT), where the gradient corrected exchange-correlation functional of the Perdew-Burke- 

Ernzerhof functional (PBE) [17] and the norm-conserving pseudopotentials were adopted. A 

supercell approach, by which NWs are periodically repeated, was adopted. The cutoff energy of the 

plane wave was set at 200 eV. 

The CASTEP code calculates the imaginary part of the dielectric function (εi), which is given by 

[18] 
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where r is the position, ψk
c/ψk

v and Ek
c/Ek

v are the wave function and the energy, respectively, of a 

state k in the conduction/valence band, e is the unit vector defining the polarization of the incident 

electric field, ω is the angular frequency of the incident light, and Ω is the volume. Phonon-related 

transitions are not included in this calculation. The Kramers-Kronig transform is used to obtain the 

real part of the dielectric function (εr). 

Since calculated structures include a different size of vacuum space between the NWs, DOS 

(g(E)) and dielectric function (εr, εi) are calculated for NWs with vacuum space. Calculated 

structures also include H atoms, and the number of H atoms differs with the NW size. (The Si NWs 

are terminated by the H atoms as discussed later.) To compare properties of these NWs, effective 

volume (Veff) of the NWs in the unit cell is defined so that the number of electrons per unit volume 

in the NWs is the same as that in bulk: 
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where Ne, NSi, and NH are the number of electrons, Si atoms, and H atoms in the unit cell, 

respectively, and a is the lattice constant of bulk Si. The effective DOS (geff(E)) and real and 

imaginary part of the effective dielectric function (εr,eff, εi,eff), for the NWs being densely packed, are 

defined as 
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where V is the volume of the unit cell. The effective absorption coefficient (αeff) is defined from εr,eff 
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and εi,eff, 
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The cross-sectional size of NWs (W), taking account of a square cross section and volume of one 

electron being a3/32, is defined as 
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As a result of geometrical optimization, the lattice constant (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 maintaining the 

tetrahedral bond angles and the distance of Si-H bonding being 0.154 nm. Neighboring NWs were 

separated by at least 0.5 nm. Figure 5.1 (a) and (b) shows one of the structures of [100] and [111] Si 

NWs, respectively. The W of [100] and [111] Si NWs was 1.3~3.0 nm and 1.0~2.0 nm, respectively. 

The maximum size is limited by computer capability. The maximum size of [111] Si NWs is smaller 

than that of [100] Si NWs because [111] Si NWs have more atoms per unit length of NWs than 

[100] Si NWs with the same cross-sectional size. The cross-sectional shapes of NWs with different 

size are similar to those shown in Fig. 5.1. The structural properties are summarized in Table 5.1. 

 

 

5.3 Results and discussion 

 

5.3.1 Band structure 
 

Figure 5.2 shows the bandgap energy (Eg) as a function of W, where the calculated bandgap 

energy for the bulk Si is also shown. The bandgap energy increases with a W decrease as a result of 

quantum confinement effects. This trend and the value of the bandgap are well consistent with 

results reported earlier [9, 13]. The bandgap energy of the [100] and [111] NWs are almost 

equivalent to each other. 

Figures 5.3 and 5.4 show the band structures of [100] and [111] Si NWs with different sizes, 

respectively, where the energy of the valence-band maximum (VBM) is set at zero. The band 

structures of the bulk Si folded on the NW axes are also shown only for the VBM and 

conduction-band minimum (CBM) in Figs 5.3(d) and 5.4(d). As shown in Fig. 5.3, the [100] NWs 



 80 

 

(a) (b)
[100]

[010]

[001]

[111]
[110]

[011]

(a) (b)
[100]

[010]

[001]

[111]
[110]

[011]

 
Fig. 5.1  The structure of (a) [100]-1.9nm and (b) [111]-2.0nm NW. The large and 
small balls stand for Si and H atoms, respectively. 

 
 
 

Table 5.1  The cross-sectional size (W), the number of Si and H atoms, lattice 

vectors parallel (//) and perpendicular () to the NWs. 

Label Si H
Lattice vectors

(supercell)
()

Lattice
vector

(//)

[100]-1.3nm 40 32 a[100] 4a[010], 4a[001]

[111]-1.0nm 38 30 a[111] 2a[110], 2a[011]

[111]-1.3nm 74 42 a[111] 2.5a[110], 2.5a[011]

[111]-2.0nm 182 66 a[111] 3.5a[110], 3.5a[011]

[100]-1.9nm 84 48 a[100] 5a[010], 5a[001]

[100]-3.0nm 220 80 a[100] 7a[010], 7a[001]

W (nm)

1.3

1.0

1.3

2.0

1.9

3.0

Label Si H
Lattice vectors

(supercell)
()

Lattice
vector

(//)

[100]-1.3nm 40 32 a[100] 4a[010], 4a[001]

[111]-1.0nm 38 30 a[111] 2a[110], 2a[011]

[111]-1.3nm 74 42 a[111] 2.5a[110], 2.5a[011]

[111]-2.0nm 182 66 a[111] 3.5a[110], 3.5a[011]

[100]-1.9nm 84 48 a[100] 5a[010], 5a[001]

[100]-3.0nm 220 80 a[100] 7a[010], 7a[001]

W (nm)

1.3

1.0

1.3

2.0

1.9

3.0
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Fig. 5.2  Bandgap energy (Eg) of [100] and [111] Si NWs as a function of 
cross-sectional size (W). Calculated bandgap of bulk Si is also shown. 
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Fig. 5.3  (a)-(c) Band structures [100] Si NWs with different sizes, where the 
energy of the VBM is set at zero. The direction of the wave vector is parallel to the 
NW axis. (d) The band structures of the bulk folded on the NW axis, where only the 
CBM and VBM are shown. The arrows show the minimum points of 
conduction-band. 
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Fig. 5.4  (a)-(c) Band structures of [111] Si NWs with different sizes, where the 
energy of the VBM is set at zero. The direction of the wave vector is parallel to the 
NW axis. (d) The band structures of the bulk folded on the NW axis, where only the 
CVM and VBM are shown. The arrows show the minimum points of 
conduction-band. 
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Fig. 5.5  (a)-(c) Effective DOS (geff) of [100] Si NWs with different sizes, and (d) 
the DOS (g) of bulk Si, where the CBM and VBM are shown as broken lines. The 
Gaussian broadening with 0.025 eV width was used for smearing. 
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Fig. 5.6  Effective DOS (geff) of [111] Si NWs with different sizes, where the CBM 
and VBM are shown as broken lines. The Gaussian broadening with 0.025 eV width 
was used for smearing. 
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have the direct band structure. The [100]-bulk has two CBMs (0(2π/a) and 0.15(2π/a)), while the 

[100]-NWs has a CVM at 0(2π/a). This result can be explained by effective mass approximation 

(Section 1.2.2) and similar result is shown in Fig. 1.9. On the other hand, the large [111] NWs 

([111]-1.3nm and [111]-2.0nm) have the indirect band structure with the CBM being close to the 

CBM of the folded band of the bulk ( )3/(215.0 aπ ). The [111]-1.0nm has the direct band 

structure, where the electronic states of the NW are much different from that of bulk. As the NW 

size increases, the band structures of both [100] and [111] NWs approach the folded band structures 

of the bulk, which means that electronic states of NWs approach that of bulk. 

 

5.3.2 Density of states 
 

Figures 5.5 and 5.6 show the effective DOS (geff) of [100] and [111] Si NWs, respectively, and 

the DOS (g) of the bulk Si is shown in Fig. 5.5(d). The Gaussian broadening with 0.025 eV width 

was used for smearing. The DOS of a subband in one-dimensional structures follows the 

one-dimensional DOS [19], 

 
E

m

πA
Eg

*211
)(


 , (5.9) 

where m* is the effective mass of the subband. Equation (5.9) tells that subband DOSs are in 

inverse proportion to the cross-sectional area. This trend is well observed for both CB and VB edges 

of [111] NWs, while it is not clear for the [100] NWs because of the change of subband overlap. 

The subbands of [100] NWs separate from each other with a W decrease. For example, the 1st to 4th 

bands from the CBM are located at 1.016 eV to 1.033 eV at the Γ point for [100]-3.0nm, while they 

are at 1.700 eV to 2.016 eV for [100]-1.3nm. The DOS of the CBM of the [111] NWs is relatively 

large because of the large effective mass. The DOSs of the order of 1021 eV−1cm−3 near the band 

edge are consistent with results calculated by using the one-dimensional DOS for a 5 nm×5 nm NW 

[20] or 3 nm×9 nm NW (Fig. 4.5(a)). 

 

5.3.3 Absorption coefficient by band edge transition 
 

Figures 5.7 and 5.8 show effective absorption coefficients (αeff) of [100] and [111] Si NWs, 

respectively, and the absorption coefficient (α) of bulk Si is shown in Fig. 5.7(d). The α and αeff 

were calculated for plane-polarized light. As long as the polarization direction is perpendicular to 

NW, the αeff is isotropic. Then, only the two results, in which the polarization direction is parallel or 

perpendicular to the NW, are shown. For the bulk, the α is isotropic and one result is shown in Fig. 

5.7(d). The measured α for the bulk Si [21-25] is also shown in Fig. 5.7(d). Regarding the 

experimental data of the bulk, the absorption starts to increase at Eg, which originates from the 

phonon-related indirect transitions. On the other hand, in our calculated result of the bulk, the 

absorption starts to increase at the gap energy at the Γ-point because the calculation does not 
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include phonon-related transitions. In a large energy range (E–Eg > 3.2 eV), the calculated result 

shows good agreement with the experimental result. 

As for the [100] NWs, the αeff for the parallel polarization has a peak at Eg, which originates from 

direct transition at the Γ point, and the peak value decreases with increase in W. The decrease in the 

αeff peak while keeping the direct bandgap is reasonable, and this peak must vanish for infinitely 

large wire because the CBM at the Γ point for the infinitely large wire is only projection of the 

CBMs of the bulk. That is, [100] Si NWs with large cross-sectional size have much indirect nature 

of bulk Si, and matrix elements of direct transition are not completely zero but approach zero. Even 

for the thin NW of [100]-1.3nm, absorption coefficient at band edge (~103 cm−1) is small in 

comparison with that of bulk GaAs (~104 cm−1, Fig. 1.7), which indicates that indirect nature of 

bulk Si still remains in the NW. 

The αeff value near Eg for [100]-1.9nm is larger than that of the experimental results of the bulk, 

while the αeff for [100]-3.0nm is comparable to the bulk. Therefore, it is expected that the luminous 

efficiency of [100] NWs for W ≤ 1.9 nm is improved compared with that of the bulk and increases 

remarkably with decrease in NW size. 

Concerning the [111] NWs, the αeff for the parallel polarization starts to increase at Eg for 

[111]-1.0nm and at the energy slightly higher than Eg for the NWs with the indirect bandgap 

([111]-1.3nm and [111]-2.0nm). These increases originate from direct transition at the Γ point and 

the αeff value decrease with increase in W. The [111] NWs have smaller αeff value than the [100] 

NWs at a given W. For example, the αeff of [111]-1.3nm is about ten times smaller than that of 

[100]-1.3nm in spite of close W. In consideration of the indirect nature and the small αeff value, 

[111] NWs are less attractive than [100] NWs from the standpoint of luminous efficiency. 

Absorption coefficient oscillates with energy and the magnitude of the oscillation becomes larger 

with a W decrease, which originates in oscillational DOS. 

 

 

5.3.4 Forbidden transition 
 

The absorption edge for the perpendicular polarization of [100]-1.3nm, [100]-1.9nm, and 

[111]-1.0nm clearly shifts to the higher energy side than the bandgap energy as shown in Figs. 5.7 

and 5.8. 

The space group of calculated [100] and [111] NWs was No. 95 ( 7
4D , 2243P ) and No. 164 ( 3

3dD , 

13mP ), respectively. The symmetry operations, character tables, and direct product tables of the 

space group No. 95 and No. 164 are summarized in Table 5.2, 5.3, and 5.4, respectively. The 

allowed transitions at the Γ point for [100] and [111] NWs for plane-polarized light with the 

polarization direction being parallel (//) and perpendicular () to the NW derived from Tables 

5.3-5.4 are summarized in Table 5.5. From Table 5.5, the transitions between singly degenerate 

states are the forbidden transitions at the Γ point for the perpendicular polarization for both the 
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Fig. 5.7  (a)-(c) Effective absorption coefficients (αeff) of [100] Si NWs with 
different sizes, and (d) absorption coefficient (α) of bulk Si. The Gaussian 
broadening with 0.025 eV width was used for smearing. In the horizontal axes, the 
bandgap energy (Eg) is set at zero. In Fig. (d), the experimental results of bulk Si are 
also plotted [21-25]. In Figs. (a)-(c), solid and broken lines show absorption 
coefficients for plane-polarized light with the polarization direction being parallel 

(//) and perpendicular () to the NW, respectively. 
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Fig. 5.8  Effective absorption coefficients (αeff) of [111] Si NWs with different sizes. 
The Gaussian broadening with 0.025 eV width was used for smearing. In the 
horizontal axes, the bandgap energy (Eg) is set at zero. Solid and broken lines show 
absorption coefficients for plane-polarized light with the polarization direction being 

parallel (//) and perpendicular () to the NW, respectively. 
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Table 5.2  Symmetry operations of the space group No. 95 and No. 164, where the 
NW direction is z. 

x→ y→ z→

x y z(1)

-x -y z+1/2(2)

-y x z+3/4(3)

y -x z+1/4(4)

-x y -z(5)

x -y -z+1/2(6)

y x -z+1/4(7)

-y -x -z+3/4(8)

No. 95 x→ y→ z→

x y z(1)

-y x-y z(2)

-x+y -x z(3)

y x -z(4)

x-y -y -z(5)

-x -x+y -z(6)

No. 164

-x -y -z(7)

y -x+y -z(8)

x-y x -z(9)

-y -x z(10)

-x+y y z(11)

x x-y z(12)

x→ y→ z→

x y z(1)

-x -y z+1/2(2)

-y x z+3/4(3)

y -x z+1/4(4)

-x y -z(5)

x -y -z+1/2(6)

y x -z+1/4(7)

-y -x -z+3/4(8)

No. 95 x→ y→ z→x→ y→ z→

x y z(1) x y z(1)

-x -y z+1/2(2) -x -y z+1/2(2)

-y x z+3/4(3) -y x z+3/4(3)

y -x z+1/4(4) y -x z+1/4(4)

-x y -z(5) -x y -z(5)

x -y -z+1/2(6) x -y -z+1/2(6)

y x -z+1/4(7) y x -z+1/4(7)

-y -x -z+3/4(8) -y -x -z+3/4(8)

No. 95 x→ y→ z→

x y z(1)

-y x-y z(2)

-x+y -x z(3)

y x -z(4)

x-y -y -z(5)

-x -x+y -z(6)

No. 164

-x -y -z(7)

y -x+y -z(8)

x-y x -z(9)

-y -x z(10)

-x+y y z(11)

x x-y z(12)

x→ y→ z→x→ y→ z→

x y z(1) x y z(1)

-y x-y z(2) -y x-y z(2)

-x+y -x z(3) -x+y -x z(3)

y x -z(4) y x -z(4)

x-y -y -z(5) x-y -y -z(5)

-x -x+y -z(6) -x -x+y -z(6)

No. 164

-x -y -z(7) -x -y -z(7)

y -x+y -z(8) y -x+y -z(8)

x-y x -z(9) x-y x -z(9)

-y -x z(10) -y -x z(10)

-x+y y z(11) -x+y y z(11)

x x-y z(12) x x-y z(12)
 

 

 

 

 

Table 5.3  Character tables of the space group No. 95 and No. 164, where the NW 
direction is z. 

A1 1 1 1 1 1

No. 95 (1) (3,4) (2) (5,6) (7,8)

B1 1 -1 1 -1 1
B2 1 -1 1 1 -1
A2 (z) 1 1 1 -1 -1
E (x,y) 2 0 -2 0 0

A1g 1 1 1 1 1 1

A2g 1 1 -1 1 1 -1

Eg 2 -1 0 2 -1 0

A1u 1 1 1 -1 -1 -1

A2u (z) 1 1 -1 -1 -1 1

Eu (x,y) 2 -1 0 -2 1 0

No.164 (1) (2,3) (4,5,6) (7) (8,9) (10,11,12)

A1 1 1 1 1 1

No. 95 (1) (3,4) (2) (5,6) (7,8)

B1 1 -1 1 -1 1
B2 1 -1 1 1 -1
A2 (z) 1 1 1 -1 -1
E (x,y) 2 0 -2 0 0

A1 1 1 1 1 1

No. 95 (1) (3,4) (2) (5,6) (7,8)

B1 1 -1 1 -1 1
B2 1 -1 1 1 -1
A2 (z) 1 1 1 -1 -1
E (x,y) 2 0 -2 0 0

A1g 1 1 1 1 1 1A1g 1 1 1 1 1 1

A2g 1 1 -1 1 1 -1A2g 1 1 -1 1 1 -1

Eg 2 -1 0 2 -1 0Eg 2 -1 0 2 -1 0

A1u 1 1 1 -1 -1 -1A1u 1 1 1 -1 -1 -1

A2u (z) 1 1 -1 -1 -1 1A2u (z) 1 1 -1 -1 -1 1

Eu (x,y) 2 -1 0 -2 1 0

No.164 (1) (2,3) (4,5,6) (7) (8,9) (10,11,12)
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Table 5.4  Direct product tables of the space group No. 95 and No. 164. 

A1 A1 B1 B2 A2 E

No. 95 A1 B1 B2 A2 E

B1 A1 A2 B2 E
B2 A1 B1 E
A2 A1 E
E A1+B1+B2+A2

A1g A1g A2g Eg A1u A2u Eu

A2g A1g Eg A2u A1u Eu

Eg A1g+A2g+Eg Eu Eu A1u+A2u+Eu

A1u A1g A2g Eg

A2u A1g Eg
Eu A1g+A2g+Eg

No.164 A1g A2g Eg A1u A2u Eu

A1 A1 B1 B2 A2 E

No. 95 A1 B1 B2 A2 E

B1 A1 A2 B2 E
B2 A1 B1 E
A2 A1 E
E A1+B1+B2+A2

A1g A1g A2g Eg A1u A2u Eu

A2g A1g Eg A2u A1u Eu

Eg A1g+A2g+Eg Eu Eu A1u+A2u+Eu

A1u A1g A2g Eg

A2u A1g Eg
Eu A1g+A2g+Eg

No.164 A1g A2g Eg A1u A2u Eu

 

 
 
 

Table 5.5  The allowed transitions at the Γ point for the [100] and [111] NWs for 
plane-polarized light with the polarization direction being parallel (//) and 

perpendicular () to the NW. The “Singly”/“Doubly” stands for singly/doubly 
degenerate state at the Γ point. 

[100]NW

(//)

Singly ↔ Doubly Doubly ↔ DoublySingly ↔ Singly

A1 ↔ A2
B1 ↔ B2

() 

A1 ↔ E
A2 ↔ E
B1 ↔ E
B2 ↔ E

[111]NW

(//)

Singly ↔ Doubly Doubly ↔ DoublySingly ↔ Singly

A2g ↔ A1u
A1g ↔ A2u

() 

A1g ↔ Eu
A2g ↔ Eu
A1u ↔ Eg
A2u ↔ Eg

Eg ↔ Eu

Eg ↔ Eu

E ↔ E

[100]NW

(//)

Singly ↔ Doubly Doubly ↔ DoublySingly ↔ Singly

A1 ↔ A2
B1 ↔ B2

() 

A1 ↔ E
A2 ↔ E
B1 ↔ E
B2 ↔ E

[111]NW

(//)

Singly ↔ Doubly Doubly ↔ DoublySingly ↔ Singly

A2g ↔ A1u
A1g ↔ A2u

() 

A1g ↔ Eu
A2g ↔ Eu
A1u ↔ Eg
A2u ↔ Eg

Eg ↔ Eu

Eg ↔ Eu

E ↔ E

 

 



 92 

[100] and [111] NWs. For the [100]-1.3nm, [100]-1.9nm, and [111]-1.0nm, both the CBM and 

VBM at the Γ point are singly degenerate states. Therefore, the transition between the CBM and 

VBM at the Γ point is forbidden for the perpendicular polarization. For [100]-3.0nm, [111]-1.3nm, 

and [111]-2.0nm, the energy shift of the absorption does not appear because singly and doubly 

degenerate states near the CBM at the Γ point are very close to each other. 

 

 

5.4 Summary 

 

Band structure, DOS, and absorption coefficient of <100> and <111> Si NWs were calculated by 

the density functional theory. The <100> NWs have direct band structure, while the band structure 

of the <111> NWs changes from indirect to direct with decrease in NW size. The DOS of the NWs 

has peaks corresponding to the one-dimensional DOS ( E −0.5). The luminous efficiency of <100> 

NWs with a cross-sectional size below about 2 nm can be significantly higher than that of the bulk 

and may increase remarkably with decrease in NW size. In consideration of the indirect nature and 

the small absorption coefficient, <111> NWs are less attractive than <100> NWs. The absorption 

edge for the perpendicular polarization shifts to the higher energy side than the bandgap energy 

because of the forbidden transitions. 
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Chapter 6 

Electroluminescence of Si-nanowire pn-diodes 
 

 

6.1 Introduction 

 

Si-based light emitters are in strong demand to combine photonics with Si-based electronics [1-3]. 

Although bulk Si is not suitable for light-emitting devices because of its indirect band structure, Si 

nanostructures are anticipated as light-emitting devices because the uncertainty of the crystal 

momentum increases by the quantum confinement effect and no-phonon radiative recombination 

may increase [4-7], which was confirmed quantitatively in Chapter 5. 

Light-emitting diodes with such Si nanostructures as dots [8, 9], porous Si [10-12], nanowires 

[13], and nanofilms [14] have been previously proposed. Among Si nanostructures, the dots show 

the strongest quantum confinement, but carrier injection into them is difficult because their surfaces 

are usually covered with SiO2. Nanowires (NWs) are more suitable for Si-based light-emitting 

devices due to easy carrier injection and strong quantum confinement. The luminous efficiency in Si 

NWs may be improved by utilizing the anisotropy of nanowires, as shown in Chapter 5. The 

anisotropy of luminescence may aid the understanding of the luminescence mechanism. 

The external-quantum-efficiency of bulk Si light-emitting-diodes has reached up to 10-2 by 

introducing into the devices, for example, dislocation [15] or a pyramidal surface [16], whereas the 

external-quantum-efficiency of the Si nanostructures has reached up to 10−2 by porous Si [12]. The 

mechanism of light emission in Si nanostructure remains unclarified. It is reported that the 

interfacial layer between the Si nanostructure and the SiO2 surrounding the Si nanostructure plays 

an important role in light emission [17]. That is, it remains unclear whether the emission from the Si 

nanostructure is real emission by band-edge transition from the Si nanostructures or not. 

Concerning Si NWs, Si-NW diodes with a NW cross-sectional diameter below 10 nm and a NW 

length of 400~600 nm have been reported [13]. Electroluminescence at 650 nm was observed, but 

the origin of the luminescence is not clear. 

Understanding the mechanism of light emission is crucial to increase the luminous efficiency. In 

this study, the author investigated light emission by band-edge transition from Si NWs using Si-NW 

pn-diodes, and observed the increase of emission energy with a decrease in NW cross-sectional size 

from the emission energy of the band-edge transition of bulk Si to higher energy. 
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6.2 Device structure and fabrication 

 

Figure 6.1 illustrates the schematic structure of the Si-NW pn-diodes fabricated in this study. The 

lengths of the low-impurity-concentration area in the Si NWs, the distance between electrodes, and 

the Si-NW length were 0.5, 5, and 15 μm, respectively. The NW cross-sectional height (thickness) 

was 17 nm, and the patterning width (WP) of the NWs was changed from 500 to 40 nm. About 

300~2,000 NWs were distributed within a 200-μm-wide area and were connected in parallel to 

increase the total luminescence intensity. The surface of the Si NWs was passivated with a 

49-nm-thick SiO2. Si NWs were formed from a (001) Si-film, and the NW direction was [100]. The 

[100] NWs is expected to have direct band structure and efficient luminescence as shown in Chapter 

5. The low impurity-concentration area remained as the starting material of the p-type with a 

resistivity of 5~50 Ω·cm. The electrodes were directly contacted to the Si NWs to eliminate 

luminescence from a Si film. If the NWs are connected to electrodes through Si films like the NW 

MOSFETs in Chapter 3, luminescence from the Si films will hinder the detection of the 

luminescence from the Si NWs. 

The fabrication procedure of NWs was similar to that described in Section 2.2, but oxidation at 

1,000˚C was carried out once in place of the 3rd and 4th oxidations, by which 49-nm-thick SiO2 

passivation was formed. The formation of n+/ p+ Si, the forming annealing, and the formation of 

electrode contacts were carried out in the same way as described in Section 3.2. 

NWs as long as 5 μm (distance between electrodes) were adopted for pn-diodes to increase the 

recombination amount in NWs. As a result, the minimum cross-sectional size of NWs was relatively 

large, about 9 nm. Figure 6.2 shows the top view of the NWs with a minimum WP of 40 nm by SEM 

just after the resist removal that followed reactive ion etching. Since observation of the 

cross-sectional shape by TEM was not performed, the cross-sectional area (A) of one Si NW was 

estimated from WP, the Si film thickness, and the Si decrease by oxidation. Cross-sectional size W 

(the square root of A) and total cross-sectional area (AT) (A multiplied by number of NWs) were 

calculated using A. Figure 6.3 shows the WP dependence of the estimated A, AT, and W. The 

estimated W of the NWs changed from 88 to 9 nm by changing WP from 500 to 40 nm. 

 

 

6.3 Measurement method of electroluminescence 

 

Electroluminescence (EL) was measured using spectroscopy system (C9913GC by Hamamatsu 

Photonics) with 70 μm×500 μm entrance slit. Luminescence was taken in by an optical fiber with a 

diameter of 600 μm, numerical aperture of 0.22, length of 1.5 m, and loss less than 0.015 dB/m. The 
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Fig. 6.1  The schematic structure of the fabricated Si-NW pn-diodes: (a) the 
bird’s-eye view, (b) the cross-sectional view parallel to the NW, (c) the 
cross-sectional view perpendicular to the NW. The crystal faces of the sides shown 
in (c) are high-symmetry faces close to the actual side faces. 
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Fig. 6.2  Top-view SEM images of NWs with a minimum WP of 40 nm just after 
the resist removal following RIE: (a) low magnification and (b) high magnification. 
The acceleration voltage was 25 keV. 
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Fig. 6.3  Patterning width (WP) dependence of the estimated cross-sectional area 
(A), total cross-sectional area (AT), and cross-sectional size (W). 
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Fig. 6.4  (left axis) The estimated sensitivity (S) of the spectroscopy system to the 
light entering the slit presented by the manufacturer. (right axis) The wavelength 
width per pixel (Δλ). 
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fiber was set over a chip including diodes with a distance slightly less than 1.33 mm in 

consideration of numerical aperture of the fiber. Measured count (C(λ)) was converted to 

normalized EL intensity (I(E)) by 

 )()(
22

3

λC
λΔIhtSc

λ
EI  , (6.1) 

and 

 
λ

ch
E  , (6.2) 

where λ is the wave length of photons, t is the integration time, S is the estimated sensitivity of the 

spectroscopy system to the light entering the slit presented by the manufacturer (Fig. 6.4), I is the 

current passing a diode, and Δλ is the wavelength width per pixel (Fig. 6.4). That is, the I(E) is the 

number of photons entering the slit per photon energy, integration time, and current. 

 

 

6.4 Device characterization and discussion 

 

6.4.1 Current-voltage characteristics 
 

Figure 6.5(a) shows the current-voltage characteristics of the Si-NW pn-diodes, and Fig. 6.5(b) 

shows the WP dependence of the current density at ±1 V. The diodes showed normal rectification for 

all WPs. Forward current density (IF/AT) decreased with a W decrease, while reverse current density 

(IR/AT) increased. That is, rectification was degraded with a W decrease. Although hysteresis was 

observed in the forward bias, the origin is not clear at present. The ideality factor η defined as [18] 

 
dV

Id

e

kT
η

)(ln
/1  , (6.3) 

is shown in Fig. 6.6. For W = 88 nm, η was between 1 and 2, which agrees with the bulk-Si 

pn-diode [19], but η increased to about 3 with a W decrease. The hysteresis of IF/AT and the increase 

of η probably originate in the increase of the contact resistance between the metal electrodes and n+/ 

p+ Si. To directly form ohmic contacts on Si NWs was more difficult than on bulk Si. The increase 

in leakage current density IR/AT probably originates in the increase of the generation-center 

concentration by the increase of the Si-NW interface area relative to the Si-NW volume. 

 

6.4.2 Electroluminescence 
 

Figure 6.7 shows the EL spectra of Si-NW pn-diodes at room temperature. For W = 88 nm, a 

single peak at 1.092 eV was observed. Although the peak energy of 1.092 eV was slightly larger 

than that of bulk reported so far (1.08~1.09 eV) [15, 16, 20], the peak undoubtedly originates in the 
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Fig. 6.5  (a) Current density of Si-NW pn-diodes as a function of voltage. (b) The 
estimated cross-sectional size (W) dependence of current density at ±1 V. 
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Fig. 6.6  Ideality factor (η) of Si-NW pn-diodes as a function of voltage, which is 
obtained from forward current when voltage sweeps down shown (Fig. 6.5(a)). 
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Fig. 6.7  Electroluminescence (EL) spectra of various Si-NW pn-diodes in the 
infrared region. 
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emission by band-edge transition in bulk Si (Si wires with large cross-sectional size). The peak 

intensity weakened with a W decrease. The intensity of the background spectrum, which 

monotonously increased with a photon-energy decrease, relatively increased with a W decrease. The 

origin of the background spectra has not been clarified. To analyze the emission from Si NWs in 

detail, the background spectra were subtracted from the original spectra as shown in Fig. 6.10(a). 

Figure 6.8 shows the EL spectra from Si NWs after the background subtraction. For W < 31 nm, the 

luminescence from Si NWs consisted of three peaks: a broad peak with lower energy (~ 1.0 eV) and 

two small peaks at about 1.046 and 1.104 eV. The broad peak, the 1.046-eV-peak, and the 

1.104-eV-peak were observed for W < 31 nm, W < 52 nm, and W < 31 nm, respectively. Although 

the peak energy of 1.104eV is slightly larger than peak energy of 1.092 eV for W = 88 nm, the peak 

probably originates in the emission by band-edge transition in the Si NWs. To analyze the two small 

peaks in detail, the background and broad peak (~ 1.0 eV) spectra were subtracted as shown in Fig. 

6.10(b), and Fig. 6.9 shows the EL spectra after this subtraction of the broad peak spectra. The 

width of the peak at 1.104eV for W < 31 nm was narrower than that of the peak by bulk band-edge 

transition for W = 88 nm, which may originate in the realization of the one-dimensional density of 

states in Si NWs. The one-dimensional density of states takes a peak at band edge ( E −0.5), by 

which band-edge transition rate increases. The origins of the broad peak (~ 1.0 eV) and 

1.046-eV-peak have not been clarified. 

Figure 6.11 shows the current (IF) dependence of the EL spectrum for W = 9 nm after the 

subtracting the background and broad peak spectra. The intensity of the two peaks increased with an 

IF increase, and the peak intensity at 1.104 eV increased relative to the peak intensity at 1.046 eV. 

The peak energy was not changed with IF. 

External-quantum-efficiency of the 1.104-eV-peak of the NW diode with W = 9 nm at IF = 5 mA 

was estimated. External-quantum-efficiency (γ) was estimated from the number of photons entering 

the slit (I(E) at IF = 5 mA shown in Fig. 6.11) by 

  dEEI
ω

π

S

S
eγ )(

4

s

f , (6.4) 

where integration ranges from1.07 to 1.14 eV, Sf/Ss is the ratio of the fiber (Sf) and slit (Ss) areas and 

the vale is 8.078. The ω/4π is the ratio of the fiber (ω) and total (4π) solid angles and given by 

 212 10225.1
2

tan
2

1
sin

4
 
















L

d

π

ω , (6.5) 

where d is diameter of fiber (600 μm) and L is distance between the device and fiber (1.33 mm). For 

the estimation, it is assumed that the luminescence is isotropic and loss in chip is zero. The γ was 

7×10−7, which was very low in comparison with Si nanostructure diodes reported so far (10−5~10−2) 

[4,6,12]. 

Figure 6.12 shows the W dependence of the energy of three EL peaks, and Fig. 6.13 shows the 

bandgap-energy shift obtained from the EL peak by band-edge transition provided that the phonon 

energy involved in the band-edge transition in NW remained the same as that of the bulk. The 
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Fig. 6.8  Electroluminescence (EL) spectra of various Si-NW pn-diodes after the 
subtraction of background spectrum. 
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Fig. 6.9  Electroluminescence (EL) spectra of Si-NW pn-diodes after the 
subtraction of the background spectrum and the broad peak spectrum. 



 106 

 
 

0.8 0.9 1 1.1 1.2 1.3
0

0.1

0.2

0.3

0.4

0.5

0.6
E

L
 I

n
te

n
si

ty
: 

N
u

m
b

er
 o

f 
P

h
ot

on
s

(
10

1
3  e

V
-1
s-1

A
-1

)

Energy   (eV)

(a)

1 1.05 1.1 1.15
0.1

0.15

0.2

0.25

0.3

0.35

0.4

E
L

 I
n

te
n

si
ty

: 
N

u
m

b
er

 o
f 

P
h

ot
on

s
(

10
1

3  e
V

-1
s-1

A
-1

)

Energy   (eV)

W = 9 nm
V F = 40 V, I F = 5 mA

Measurement
Fitting

(b)

 
Fig. 6.10  The large scale spectrum around peaks for W = 9 nm. (a) The broken line 
is a line fitting to the background spectrum and shows subtracted amount to extract 
the broad peak and small two peaks. (b) The broken line is a line fitting to the 
background and broad-peak spectra and shows subtracted amount to extract the 
small two peaks. 
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Fig. 6.11  The forward current dependence of spectrum for W = 9 nm after the 
subtraction of the background spectrum and the broad peak spectrum. 
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Fig. 6.12  The estimated cross-sectional size (W) dependence of energy of three EL 
peaks from Si NWs. The energies of three peaks are plotted with different symbols. 
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Fig. 6.13  The estimated cross-sectional size (W) dependence of band-gap shift 
obtained from EL peak of Si NW diodes by band edge transition (open circles) and 
calculated by effective mass approximation (EMA) (solid line). The Eg,0 shows 
band-gap energy of Si NWs with W = 88 nm. 
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bandgap shift, calculated by effective mass approximation (Section 1.2.2), is also shown, where the 

estimated cross-sectional size (Fig. 6.3) was used. Although the energy shift obtained from the EL 

peak does not agree well with that calculated by effective mass approximation, the shift of the EL 

peak with a W decrease from 1.092 eV (W = 88 nm) to 1.104 eV (W = 31~9 nm) perhaps originates 

in the bandgap increase by the quantum confinement effect. For W < 31 nm, the shift energy 

obtained from the EL peak slightly decreased with a W decrease, which might originate in the 

bandgap narrowing due to temperature increase caused by high current density (~ 1×106 A/cm2); 

larger current density was applied for smaller W during the EL measurement. 

 

 

6.5 Summary 

 

Si-NW pn-diodes were fabricated, and the dependence of electroluminescence on the NW size 

was investigated. The diodes showed normal rectification for all Ws. For a diode with an estimated 

cross-sectional size (W) of 88 nm, a single peak at 1.092 eV was observed, which undoubtedly 

originates in the emission by band-edge transition in bulk Si (Si wires with large cross-sectional 

size). For the diodes with an estimated W smaller than 31 nm, three peaks were observed. The peak 

energies were 1.104 eV, 1.050 eV, and about 1.0 eV for an expected W of 9 nm. Since the peak 

energy 1.104 eV is slightly larger than bulk-Si energy of 1.092 eV, the peak at 1.104 eV perhaps 

originates in the band-edge transition in Si NWs where the bandgap is widened by quantum 

confinement effect. 
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Chapter 7 

Conclusions 
 

 

7.1 Conclusions 

 

Electronic states, carrier transport, and optical properties of Si nanowires (NWs) were 

investigated to utilize the unique properties of Si NWs for advanced MOSFETs and light-emitting 

devices. First, a fabrication process of Si NWs was established. The quantum confinement effect 

(QCE) was clearly confirmed in Si-NW MOSFETs by threshold-voltage shift, unique dependence 

of mobility on NW size, and transconductance oscillation. One-dimensional transport model in 

Si-NW MOSFETs that reproduces the drain-current oscillation was proposed. The dependence of 

absorption coefficients on the NW size and its anisotropy were revealed by the calculation based on 

density functional theory. Electroluminescence from Si-NW pn-diodes was observed. 

In Chapter 2, a fabrication process of Si NWs was established. A nearly-ellipsoid Si-NW with a 

minimum cross-sectional size W (square root of the area) of 4 nm (height: 2 nm, width: 7 nm) was 

successfully formed. The small W well below 10 nm enables to investigate QCE in Si NWs. 

Moreover, the W of Si NWs was gradually changed from 18 to 4 nm by changing the patterning 

width, which enabled to investigate size dependence of characteristics of Si-NW MOSFETs in 

Chapter 3. The fabrication method was also applied to Si-NW pn-diodes characterized in Chapter 6. 

In Chapter 3, Si-NW MOSFETs were characterized, where Si NWs fabricated in Chapter 2 were 

used as a channel. Both n- and p-channel MOSFETs showed good gate control with a nearly ideal 

subthreshold swing of 63 mV/decade. The bandgap widening by the QCE was clearly confirmed 

from the threshold-voltage shift. Two confinement conditions of carriers were indicated from the W 

dependence of ratio of electron and hole mobilities. Carriers in NW MOSFETs with W > 7 nm are 

confined at the surface of NWs by electric field induced by gate voltage like carriers in bulk 

MOSFETs. On the other hand, carriers in NW MOSFETs with W < 7 nm are confined by a SiO2 

potential surrounding the Si NW and distributed throughout the NW (volume inversion). Both of 

electron and hole mobilities conspicuously decreased for W < 9 nm, which probably originates in 

the increase of the surface-roughness scattering. This result indicates that carriers in NWs with W < 

9 nm are distributed more close to the interface than carriers in bulk MOSFETs because of carrier 

confinement in small NW. [100]- and [110]-NW MOSFETs were characterized and no anisotropic 

characteristics were observed, which is inconsistent with the theoretically-expected large differences 
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of the hole effective mass between [100] and [110] NWs. 

In Chapter 4, the drain-current oscillation peculiar to NW MOSFETs was experimentally and 

theoretically investigated. The transconductance of a fabricated Si-NW MOSFET with W = 6 nm 

showed clear oscillation up to 309 K. The magnitude of the oscillation was larger for lower 

temperature, lower drain voltage, or smaller W. A carrier transport model, assuming 

one-dimensional electronic states for carriers and elastic and isotropic phonon scattering, was 

proposed. The carrier concentration calculated by the model changed linearly with gate voltage, 

while the mobility showed clear oscillation with gate voltage. The calculated transconductance of 

NW MOSFETs showed similar oscillation to the experimental results. The model shows that the 

oscillation originates from the periodic variations in the mobility (scattering rate) caused by 

one-dimensional density of states ( E −0.5), and one set of peak and valley of the oscillation 

corresponds to one subband. 

In Chapter 5, the electronic states and absorption coefficients of Si NWs by direct band-to-band 

transition were calculated. The <100> NWs showed direct band structure, while the band structure 

of <111> NWs changed from indirect to direct with a W decrease. The absorption coefficients of 

<100> Si-NWs for the polarization parallel to the NW showed a peak at the bandgap energy, and the 

peak increased with a W decrease. For W < 2 nm, the absorption coefficient at the bandgap energy 

was larger than the measured absorption coefficient at the bandgap energy of bulk Si. The <111> 

NWs showed a smaller absorption coefficient than the <100> NWs. Therefore, the <100> NWs 

with a size below about 2 nm are attractive from the standpoint of efficient luminescence. The 

absorption edge for the perpendicular polarization shifted to the higher energy side than the bandgap 

energy because of the forbidden transitions. 

In Chapter 6, the dependence of the electroluminescence of Si-NW pn-diodes on W was 

investigated. For the diode with an expected W of 88 nm, a single peak at 1.092 eV was observed, 

which undoubtedly originates in the emission by band-edge transition in bulk Si (Si wires with large 

cross-sectional size). For the diodes with expected Ws smaller than 31 nm, three peaks were 

observed. The peak energies were 1.104 eV, 1.050 eV, and about 1.0 eV for an expected W of 9 nm. 

Since the energy 1.104 eV is slightly larger than the bulk-Si energy of 1.092 eV, the peak at 1.104 

eV perhaps originates in band-edge transition in Si NWs with the bandgap widened by QCE. 

 

 

7.2 Future work 

 

(1) Reduction of NW fluctuation 

The cross-sectional size of Si NWs and the characteristics of Si-NW MOSFETs were well 

controlled by patterning width with a small dispersion (Figs. 2.7, 3.7 and 3.8), from which it can be 

claimed that the NW fluctuation was controlled within a few nm. However, the interface of NWs 
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characterized by TEM was not very clear and fluctuation of about 1 nm still existed (Fig. 2.5), 

which probably originates in the line edge roughness during electron beam lithography. Mobility 

degradation in Si-NW MOSFETs for W < 9 nm also indicates the existence of fluctuation. 

Electron beam lithography conditions must be further optimized. Additional treatments such as 

wet etching in an alkaline solution may be proper to reduce the fluctuation, though the NW 

direction can not be selected freely. 

 

(2) Improvement of mobility 

The author revealed that QCE in NW MOSFETs becomes conspicuous for W < 7~9 nm, but the 

increase or anisotropy of mobility was not observed. The author proposes two ways to increase the 

mobility: selection of small conductivity effective mass and reduction of surface-roughness 

scattering. Surface-roughness scattering would be decreased by the reduction of NW fluctuation. 

The model proposed in Chapter 4 revealed that one set of peak and valley of the drain-current 

oscillation corresponds to one subband. Although the simplest subband structure was assumed in 

this study, subband structure (band-edge energy and effective mass of each subband) can be 

determined so as to fit each peak and valley of calculated oscillation to experimental results. On the 

other hand, the subband structure of expected Si NWs can be determined by theoretical calculation. 

But determining the subband structure of actual NWs only by calculation is difficult because 

knowing structure of actual NWs precisely is difficult. Both analyses of experimental oscillation at 

low temperature and theoretical calculation of band structure are necessary to determine the 

subband structure. After knowing the subband structure, by selecting shape, size, or direction of Si 

NWs so as to have small conductivity effective mass, mobility at room temperature will be 

increased. 

 

(3) Improvement of electroluminescence efficiency 

Since electroluminescence from Si-NW pn-diodes was observed, the next step is improvement of 

electroluminescence efficiency. For example, the improvement of contact resistance between 

Si-NWs and electrodes for easy current injection and optimization of NW length so as to maximize 

recombination of electrons and holes in Si NWs will result in the improvement of the efficiency. 

The NW size dependence and the anisotropy of absorption coefficients by direct band-to-band 

transition were revealed by calculation. Making good use of the direct transition and anisotropy will 

also result in the improvement of the efficiency. Investigation on anisotropy of electroluminescence 

from Si-NW pn-diodes, and separation of luminescence by phonon-related transition and direct 

transition by low temperature measurement is important to clarify the origin of luminescence and 

increase the efficiency. 
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List of major symbols and abbreviation 
 

Symbol Quantity Value  
 

c Light velocity in vacuum 2.998×108 m·s-1  

e Elementary electric charge 1.602×10−19 C  

h Plank constant 6.626×10−34 J·s  

ħ Reduced Plank constant 1.055×10−34 J·s  

k Boltzmann constant 1.381×10−23 J·K-1  

m0 Electron mass 9.109×10−31 kg  

ε0 Dielectric constant in vacuum 8.854×10−12 F·m-1  

 

Symbol Quantity   
 

a Lattice constant of bulk Si   

C Capacitance   

COX SiO2 capacitance between gate electrode and NW channel 

per unit length of NW   

E Energy   

EC Energy of conduction-band minimum   

EF Energy of Fermi level   

Eg Bandgap energy   

EV Energy of valence-band maximum   

g(E) Density of states   

gm Transconductance of MOSFET   

ID, IDS Drain current of MOSFET   

IF and IR Forward and reverse current of diode   

k Wave number   

m* Effective mass of carriers   

T Temperature   

VD, VDS Drain voltage of MOSFET   

VF and VR Forward and reverse voltage of diode   

VG, VGS Gate voltage of MOSFET   

Vth Threshold voltage of MOSFET   

W Cross-sectional size of NW   

WP Patterning width of NW   

α Absorption coefficient   
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λ Wave length   

μ Mobility   

 

Abbreviations   
 

CBM  conduction band minimum 

CMOS  complementary metal oxide semiconductor 

DFT  density functional theory 

DOS  density of states 

EB  electron beam 

EL  electroluminescence 

EMA  effective mass approximation 

LSI  large-scale integrated circuit 

MOSFET  metal-oxide-semiconductor field effect transistor 

NW  nanowire 

QCE  quantum confinement effect 

RIE  reactive ion etching 

RT  room temperature 

SCE  short-channel effect 

SEM  scanning electron microscopy 

SOI  Si-on-insulator 

TB  tight-binding method 

TEM  transmission electron microscopy 

VBM  valence band maximum 
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